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COMPUTER PROGRAM DESCRIBING TURBINE AERODYNAMIC REQUIREMENTS, 

APPROXIMATE EXTERNAL BLADE GEOMETRIES, AND COOLANT FLOW 

REQUIREMENTS FOR A TWO-STAGE AXIAL-FLOW TURBINE 

by Ke i th  A. Furgalus, David G. Evans, and M ichae l  R. Vanco 

Lewis Research Center  

SUMMARY 

A computer code was written which enables a turbine designer to simultaneously 
determine turbine aerodynamic requirements, approximate external blade geometries, 
and turbine blade and hub and tip wal l  coolant flow requirements for a two-stage, air- 
cooled, axial-flow turbine. 

Using a free vortex flow model, turbine hub, mean, and tip velocity diagrams are 
generated, along with preliminary inner -stage gas temperatures and pressures.  

Approximate external blade dimensions for each blade row a r e  determined. These 
are based on design data obtained from a survey of existing high-performance aircraft  
gas turbine stator and rotor blades. The resultant designs are able to utilize reasonable 
air cooling schemes, i f  cooling is required, and at the same time have good aerodynamic 
performance. 

blade thermodynamic cooling effectiveness. The heat-sink capacity available from the 
cooling air is made to balance the heat sink required to cool each blade row. The blade 
cooling air is adiabatically mixed with the main gas stream. The innerstage tempera- 
tures  and annulus areas are adjusted accordingly. 

film. The inclusion of this wall coolant in the calculations is optional. 

Blade coolant flows are computed by a simplified method based on an assumed 

Blade hub and tip walls are assumed to be cooled with a tangentially injected air 

INTRODU CTl ON 

Several computer codes are available for computing turbine velocity diagrams 
(refs. 1 and 2). Also, several are available which predict turbine blade coolant flow 



requirements and/or metal temperatures. It was felt that there was  a need to integrate 
some of the previous efforts in these areas into one package that would enable a designer 
to simultaneously determine turbine aerodynamic requirements , external blade geome- 
tries, and coolant flow requirements. 

A program was written which meets these objectives for a two-stage, air-cooled, 
axial-flow turbine. The program was originally developed to generate designs for a 
turbojet-powered, Mach 3 transport using methane fuel (ref. 3). Based on considera- 
tions of turbine efficiency, size, weight, stress, and cooling requirements, it was felt 
that two-stage turbines were best suited to this application. Hence, the analysis was 
restricted to two-stage designs. The program can, however, be used in any application 
where a two-stage design is desired. 

A complete discussion of the assumptions , equations, computation procedures, and 
computer program is presented along with a complete sample problem. 

A FORTRAN IV program deck is available from the authors. 

ASS UM PTI ON S 

The following assumptions were made in the analysis: 
(1) A two-stage turbine is designed. 
(2) A free vortex distribution of the flow from blade hub to tip is assumed in gener- 

(3) The velocity diagrams are generated assuming a constant turbine mean diameter 
ating the velocity diagrams. 

and a constant main gas stream DM, a constant main gas stream specific heat C 
specific heat ratio y The blade coolant airflows are assumed to contribute one-half 
of the equivalent specific work output of the turbine main gas stream. One-half of the 
total blade coolant flow is added at the inlet to the turbine in the calculation of the veloc- 
ity diagrams only. The other half is assumed to bypass the turbine for this computation. 

(4) External blade profiles are determined from design curves obtained from a sur-  
vey of existing stator and rotor blade profiles from high-performance aircraft gas tur- 
bine engines. 

sented in reference 4. 

blade row. Turbine inner-stage annulus areas and temperatures are adjusted to account 
for the mass flow and energy addition effects of the blade cooling air. 

calculations of cooling flow requirements to assure no change in turbine work output. 

P, g' 
g ' 

(5) Blade coolant airflows are calculated for each row by the simplified method pre- 

(6) Blade coolant airflows are mixed with the main gas stream at the exit of each 

(7) All flow velocities, flow angles, and blade mean diameters are fixed during the 
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(8) Hub and tip wall coolant airflows can be computed i f  desired. The walls are 
cooled by a tangentially injected air film that is assumed to mix with the main gas 
stream only at the turbine exit. It is also assumed that the wall cooling airflow does 
not contribute to the work output of the turbine. 

PROGRAM DES CR 1 PTl ON 

The following description outlines the equations and computation procedures em- 
ployed by the computer program. It is intended to serve as a user 's  guide to enable the 
designer to better understand and more effectively utilize the computer program. 

(TD) , which computes the basic turbine velocity diagrams and preliminary inner-stage 
thermodynamic data (i. e .  , main gas stream temperatures and pressures).  The second 
is subroutine SURC, which calculates the approximate external blade profiles and s u r -  
face areas. The third is subroutine COOL, which computes the required blade coolant 
airflows, mixes these flows with the main gas stream, and iterates until the correct 
combinations of blade cooling flows, inner-stage gas temperatures, and blade heights 
are found. It also computes the required turbine hub and tip wall coolant flows. A de- 
scription of the calculations involved in each of these programs follows. 

The program is divided into three main sections. The first is the main program 

Program TD - Velocity Diagram Calculat ions 

As was previously mentioned, this program calculates the velocity diagrams and 
preliminary inner-stage temperatures and pressures.  The velocity diagrams are based 
on a free vortex distribution of the flow from blade hub to tip between each blade row 
using the equations for simplified radial equilibrium: 

Vx = Constant (1) 

r(VU) = Constant (2) 

(Turbine velocity diagram nomenclature is defined in appendix C and fig. l(a) .) A con- 
stant mean diameter DM, gas specific heat C and gas specific heat ratio y are 
assumed throughout the turbine. The velocity diagrams are made to satisfy the turbine 
work and hub reaction values specified in the input data. In order to allow for the addi- 
tional annulus area required to pass  the blade cooling a i r ,  one-half of the estimated 
blade coolant airflow is added to the turbine inlet weight flow to determine the radius at  
which the hub and tip diagrams a r e  determined in the velocity diagram calculations. 

P, g' g 
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This cooling a i r  is assumed to contribute one-half of the equivalent specific work out- 
put of the main gas stream. A detailed description of the calculations for each stage 
follows * 

Second stage. - The design begins at the second-stage rotor exit. The exit total 
temperature and pressure are calculated from the given input: 

Aht, TOT 
T i p  = Ti,I  - 

cP, g 

y 

i' cp,  AhtyToT gTi ,  I%OT r1 Pi,W = %,I 

(3) 

(4) 

Note that Aht,TOT includes the contribution that the blade coolant air makes to the tur- 
bine work output. This work contribution is discussed later, in the description of sub- 
routine COOL. The blade exit tip speed is computed from the input values of exit tip 
radius and turbine rotative speed: 

IrNrT, 2,1V 
'T,2,W = 30 

Using the specified exit hub-tip radius ratio, the hub radius is computed: 

The mean radius is computed: 

The mean exit whirl is computed: 
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where Wu/VcJ is specified in the input data. The whirl at the hub and tip are 
M,2,IV 

computed : 

- 2 , Iv 
Vu,H,2,1V - 

'H72,IV 

vu,T,2,1V = 
NI, 2 , IV 

rT, 2,IV 

The axial absolute velocity Vx, 2, Iv is computed in  subroutine VXR: 

v x 7 2 , r v = [ - - - ]  Wt 

2n f p(r)rdr 
2,IV 

(9) 

A check is made to determine whether the computed value of V /Vcr exceeds the ( )2,, 
input limiting value VXEL. If it does, the calculations are terminated and an e r r o r  mes- 
sage is printed out indicating that the exit tip diameter must be changed to yield a solu- 
tion. If the calculated value is acceptable, the mean and hub blade speeds are computed: 

.rrNrM, 2, IV 
uM72,1V = 30 

nNrH, 2, IV 
uH,2,1V = 3o 

The exit relative velocity at the hub is then computed: 

The exit relative velocities at the mean and tip radii are computed by substituting the 
mean and tip values for whirl and blade speed into equation (14). The absolute exit 
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velocities at the hub, mean, and tip are computed: 

where i = H, M, T and indicates a substitution of the appropriate values for the hub, 
mean or  tip, respectively. 

of stage reaction is used to compute the relative velocity ratio 
The calculations for the second-stage rotor inlet are now started. The input value 

2 (w22,., w1 = - gH:o 

The inlet total temperature and pressure are computed: 

where 

Y - 

(1 - 'mhht,TOT 

cp ,gTi , IvqB 

TOT 
r Y - l  

and 
Y 

G -  Pi,  111 = Pi ,  I 
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The stator total-pressure ratio (P'/P') is specified in the input data. The hub-tip l m  
H, 1,I-V 

radius ratio at the rotor inlet is not known. However, the required value for W 
is known from equation (16) since WH, 2,  Iv has already been computed. Hence, the 
value of rotor inlet radius ratio which yields the required WH, l,Iv must be found. 
Two estimates are made for the inlet radius ratio, denoted in the program as RHRTIl 
and RHRTI2. A check is made to determine whether these radius ratios yield values 
for (Vx/Vcr) which exceed the input limiting value VXIL. The calculation is not 

terminated if they do. Instead, the smaller of the two estimated radius ratios at the 
1,IV 

inlet is reduced until a solution exists for which (Vx/Vcr) I VXIL. If no value for 
1.W 

radius ratio can be found which satisfies this criterion, th6input value of VXIL is in- 
ternally increased, and the calculations are restarted at the turbine exit. Having two 
suitable inlet radius ratio estimates, a curve of WH, l,Iv against (r /r ) 

erated by subroutine MAXIM. The curve is generated by computing WH, l,Iv from 

is gen- * 1,IV 

2 
4- vx, 1,IV 

H717W 
wH, l , IV  = 

where using values for inlet hub-tip radius ratio between RHRTIl and RHRTI2 and letting 
the hub whirl and blade speed are computed: r M,I,IV= r ~ , 2 , ~ 7  

H, 1,IV -r 
30 

nN 
'H, 1,IV = rH, 1,IV 30 

The inlet axial absolute velocity is computed in subroutine VXR as before: 

- 
vx, 1,IV - 

Subroutine MAXIM then proceeds to find the minimum value of WH, 1, Iv and i t s  cor- 
responding radius ratio. This newly computed radius ratio is used as the new minimum 
radius ratio, replacing the previously estimated minimum. If these limiting inlet radius 
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which bracket the desired value ratios, RHRTIl and RHRTI2, yield values for W 
computed from equation (16), subroutine ROOT proceeds to find the value of radius ratio 
between RHRTIl and RHRTI2 which yields the desired value for WH, 1, Iv. If a solution 
is not possible with the previously computed radius ratio limits, the exit tip radius is 
changed and the calculations restarted. Having found the correct inlet radius ratio, the 
following velocities are computed at the rotor inlet: 

H, 1,I.V 

- U)2 x, 1,IV + (Vu 
2 

i, 1, IV 

First stage. - The calculations are now continued for the first-stage rotor. The 
rotor inlet and exit total pressures and temperatures are computed: 

(27) 

I -  I 

BA%, TOT 
%,I1 = 5 , n  + 

cP, g 
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The first-stage velocity calculations are similar to those for the second stage. The 
major difference in the calculationsfor the first stage is that the mean exit whirl  has not 
been specified as it was for the second stage. Two practical design limits between 
which a solution should exist are chosen: 

= (0.1 Vcr) 
M,27D 'u, M, 2 , I I  

and 

(33) 

The annulus area at the first-stage exit is initially assumed equal to the area at the 
inlet to the second-stage rotor times the area ratio across  
first-stage rotor exit radii are then computed: 

the second-stage rotor. The 

rT,2,11 = rT, 1 , IV dA% 
rM,2,11 = rM, 1,IV 

(35) 

(36) 

rH,2,11 - -2rM,2,KI - rT,2,11 (37) 

Using the first assumed value for mean exit whirl (i. e .  ) 0 . 1  Vcr, M, , =), exit blade 
speeds and whirls are computed at the hub, mean, and tip by the same procedure em- 
ployed for the second stage. The axial absolute velocity ratio (Vx/Vcr) 

as before in subroutine VXR. If the computed value exceeds the input limiting value 
VXEI, the area ratio is increased until a n  acceptable value for the axial velocity ratio is 
found, The exit hub relative velocity is then calculated from 

is computed 
2,n 

) z  + (Vu - U)" 
wH,2,11 = {(v~72,11 H,27n 

(38) 
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The calculation proceeds to the inlet where the hub, mean, and tip radii are computed: 

rT, 1,II = rT,2,11 )/A% (39) 

'M, 1,II = rM, 2, II (40) 

'H, 1,II = 2rM, 1,II - 'T, 1,II 

The blade hub, mean, and tip inlet blade speeds and whirls are computed exactly as 
before. The axial velocity ratio (Vx/Vcr) is computed in subroutine VXR and 

1.E 
checked against its input limit VXTI. Again, the area ratio is increased, if necessary, 

H , l , I I  is to yield an acceptable axial velocity ratio. The inlet hub relative velocity W 

H, 2,II' then computed as before. With known values for W 
reaction can be computed: 

the stage hub H71711 and 

The calculations are repeated for the second assumed mean exit whirl 
(i. e. , -0 .4 Vcr7 M7 

reaction. If these two calculated values for hub reaction bracket the desired value sup- 
plied in the input data, a series of calculations similar to those in subroutine ROOT finds 
the value of mean exit whir l  between the two assumed design limits which yields the de- 
sired stage hub reaction. If the two initially assumed values for mean exit whirl do not 
yield a solution, the calculations are terminated with an e r r o r  message indicating that 
in the mean exit whirl iteration there is no solution and that the hub-tip radius ratio or  
whirl limits must be changed. 

n). These calculations yield a second value for the stage hub 

Subprogram SURC - External Blade Geometry Calculat ions 

A method was developed to determine the approximate external blade configurations 
required for each blade row in the turbine. The method consisted of surveying existing 
government and industrial high-performance aircraft gas turbine stator and rotor blade 
profiles. From the survey, a ser ies  of working curves were made which relate the re- 
quired design parameters.  These curves were then used to obtain the dimensional char- 
acteristics of blading required by interpreting the curves at the mean radius values of 

10 



blade gas entering and leaving angles 0, and 0,. (Nomenclature is defined in appendix c 
and fig. l(b) .) These design curves are supplied as an integral part  of the program. 

A s  noted, the starting point in the calculation is that of determining the blade enter- 
ing and leaving angles p1 and p2 at the mean radius from the data generated in pro- 
gram TD. With these angles, an initial blade camber angle 50, is found by interpolation 
from figure 2, which is based on data from references 3 and 5.  This interpolation is 
performed using a four-point bivariate technique (subroutine BVTL) . 

The value for the stator aerodynamic loading coefficient tc/ is interpolated from 
figure 3.  The loading coefficient for the rotors is set equal to 1 .  From the survey, it 
was found that the blade camber angle was influenced by the aerodynamic loading coeffi- 
cient and by the particular row for which the blading was  designed. The effect is shown 
in figure 4, which relates to a correction Acp for each of the four blade rows. The 
final value for the blade camber angle for each blade row is then computed from 

Using these values for camber angle along with a Ap defined as 

values for blade camber length to axial chord length ratio (C /C ) are found for each 

row from figure 5; the data being taken from references 3 and 5. Blade chord lengths 
are determined by dividing the blade heights found in program TD by their aspect ratios, 
which were found, from the survey, to equal 2, 3, 3, and 5, respectively, for the four 
blade rows. In cases where these values of aspect ratio result in an axial chord length 
of less than 1 inch (2.54 cm) for any of the blade rows, the aspect ratios for all rows are 
reduced and the chord lengths recomputed for all the rows until the minimum value of 
axial chord length for any row is greater than 1 inch (2.54 cm) . This is done to assure  
that the cross-sectional area of the various blade profiles will be large enough to accom- 
modate internal cooling air passages. 

x z  

Note that (C /C ) for the stators is corrected as a function of blade thickness xz 
ratio tm,/CL, as indicated in figure 6 .  A value for blade thickness ratio of 0.16  was 
assumed for blading developed in this program. No corrections are applied to the rotor 
blades. 

mately 2 . 0 3  times their mean camber lengths at  blade thickness ratios of 0.16. Thus, 
It was also noted that the surveyed blading had airfoil perimeter lengths approxi- 
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a single blade external surface a rea  p4; is computed for each blade in a row: 
, b  

As,b = 2.03 (CL) (BH) (45) 

The number of blades in each row is found by dividing the mean radial circumference (a 
constant throughout the turbine) by the blade pitch for that row, where the pitch is com- 
puted from 

Nx) 
P =  

2 2 sin pz (cot p2 - cot p,) 

With this information and the velocity diagram angles and blade heights generated 
in TD, approximate external blade profiles are described. The resultant external blade 
surface a reas  a r e  used as the starting point in the iteration to determine blade coolant 
airflow requirements (if cooling is required), as described in the next section. 

Subprogram COOL - Turb ine  Blade and Wal l  Coolant Flow Calculat ions 

The coolant airflow required to cool both the turbine blades and the hub and tipwalls 

Rather than becoming concerned with the complexities associated with individual 
is computed next. 

blade cooling configurations and determinations of cooling airflow requirements based 
on local metal temperature levels and heat-transfer coefficients, the simplified method 
described in reference 4 is employed. The method consists of making a heat balance 
between the heat sink required to cool each blade row to the heat sink available in the 
cooling a i r .  The method requires knowledge of the average main gas stream conditions 
in each row, the average blade midspan metal temperatures, the cooling air supply tem- 
perature, and the thermal cooling effectiveness of the blade cooling design. 

To start the coolant calculations, a base design is needed. This design is obtained 
from the previously computed velocity diagrams and blade external surface areas .  All 
flow velocities and angles, and the turbine mean diameter computed in the base case are 
fixed during the coolant flow calculations to assure  no change in turbine work output. 

The calculations for the base turbine assume that one-half of the initially estimated 
blade coolant flow is added to the burner discharge flow and that this flow remains con- 
stant throughout the turbine and does not affect the turbine inlet temperature. The other 
half of the coolant flow bypasses the turbine. In subsequent cooling iterations, the total 
coolant flow from each blade row is mixed with the main gas stream at the exit of that 
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blade row, and the turbine inner-stage weight flows and temperatures are adjusted 
accordingly. 

computations, a calculation is performed to determine individual blade coolant require- 
ments. The blade gas-side heat transfer coefficient is computed: 

Using the results of the base case turbine velocity diagram and blade surface area 

where the velocity 
age between the row inlet and exit. The transport properties are’based on the average 
total relative temperature of the gas entering the blade row. The required heat sink is 
computed for each blade row: 

is the velocity relative to the row. The value p V is the aver- 
g g g  

- 
Note that the average midspan blade metal temperature TBM has been specified in the 
input data. 

To obtain the heat sink available 

Modifying this to include the thermal 
ation, 

we get 

from the coolant QA, we use 

r ,  1 

cooling effectiveness of the blade cooling configur- 
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Since QA = QR for each blade row, 

If any blade row in the turbine does not require cooling, the program will calculate zero 
cooling for that row. 

This procedure assumes no circumferential gas temperature differences. In prac- 
tice, the first- and second-stage stators are exposed to these gradients. This tempera- 
ture variation is accounted for by multiplying the required coolant flow determined in 
equation (52) by the ratio 

where T" 
first-stage stators 

is the maximum circumferential hot-spot gas temperature. For the g, max 

where T y ,  17 ATy, and PF are specified input data, and are respectively the tempera- 
ture of the coolant air entering the turbine, the difference between this temperature and 
the compressor discharge temperature, and the combustor pattern factor. For the 
second-stage stators, the maximum hot-spot gas temperature is determined by assuming 
that one-half of the increase in gas temperature in the first-stage stator due to the effect 
of pattern factor is attenuated across  the first stage before entering the second stage so 
that 

The coolant flows computed by this method provide for cooling of the stator location ex- 
posed to the circumferential hot-spot gas temperature. The remaining statms are 
overcooled. 

recomputed at each location in t h e  turbine taking into account the addition at each loca- 
tion of the blade coolant flow of each blade row upstream. The coolant flows are 

14 
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adiabatically mixed with the main gas s t ream at each blade row exit: 

These newly computed temperatures are then used to compute new values for p V 
across  each row. The revised blade surface areas are then computed: g g  

(Wt, n+l) 0 n 
*S, b, TOT, n+l = b, TOT, n 

(wt, n) @Qn+1 
(57) 

(For the rotors, V is replaced by W.) These steps are repeated until success,cTe iter- 
ations yield repeating combinations of blade cooling airflow ratios, inner-stage gas tem- 
peratures, and required external blade surface areas  for each row. 

tion is optional (see input instructions). The cooling method employed is that of film 
cooling air injected tangentially to the hub and tip walls upstream of each blade row. 
The following correlation is used to predict wall coolant flow ratios: 

The wall hub-tip cooling airflow ratio wy, w / ~ E  is computed next. This calcula- 

1.914 p , g  0.2 - 
- ( k ) p g  cpgvgcI,)o' DM 
WE -- Y,W - W 

WE 0.67 
- 1  1.9 Pr 

A 

where 

1600 - (Ti - 150) 
T i  - (Ti - 150) A =  (59) 

The development of this equation is presented in reference 3.  It is assumed that the 
wall .cooling air remains as a cool boundary layer along the walls. As a result, the wall 
cooling air is assumed not to reduce the inner-stage main gas stream temperatures or  
to produce any work in subsequent turbine stages. The wall coolant is assumed to mix 
with the main gas stream only at the turbine exit. A final adjustment of blade height in 
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each row is required to accommodate the hub and tip wall coolant airflows. Assuming 
that the injection velocity of the wall coolant is one-half of the absolute axial velocity of 
the main gas stream at the exit to each row and that the coolant static pressure is equal 
to the main gas stream static pressure at the exit of each row, the blade height adjust- 
ment due to wall coolant flow is computed: 

I- I 

This additional length of blading is assumed to be cooled by the wall cooling air. There- 
fore, an increase in blade cooling airflow is not needed. 

The preceding calculations yield a complete design based on the initially assumed 
values of coolant flow ratios for the blades and walls. If the final calculated values for 
these coolant flow ratios do not equal the initially assumed values which are provided 
as input data, the program must be recycled. Since the turbine specific enthalpy change 
is given 

At 
Aht = 

I 

W 
Y,b 

WE 

a change in coolant flow ratio affects the turbine work output (assuming that the compres- 
s o r  enthalpy change o r  turbine shaftwork stays constant). Since the velocity diagrams are 
computed using the input assumed coolant airflow ratios, the velocities used in the pro- 
gram are not correct if the assumed and calculated coolant flow ratios do not agree. 
Thus the program must be recycled using the newly calculated values as input until the 
calculations predict the same coolant flow ratios as were assumed in the input. A cor- 
rect  overall solution is then assured. All the iterations leading to a correct solution are 
printed out by the program. 

16 



U t i  I it y S u b prog r a rn s 

Several utility subroutines are used by TD, SURC, and COOL. These are briefly 

Subroutine ROOT. - Working between two end points a and b, this subroutine finds 
described below. 

the value of X which yields the desired value of Y for an arbitrary function Y = f Q  
where a 5 X 5 b. It is used in the program to find the radius ratio which yields the 
desired hub inlet relative velocity for the rotors. 

Subroutine RHRT2. - This subroutine calculates the axial absolute velocities at the 
mean radius and compares them to the limiting values prescribed in the input data. It 
reduces the hub-tip radius ratios in an effort to reduce the axial velocities i f  the calcu- 
lated values exceed the specified limits. In the case of the second-stage rotor inlet, the 
subroutine will increase the input limit VXIL i f  necessary, and return to the beginning 
of the calculations. 

on compressible flow. 

and then integrates to find the axial velocities. 

of relative hub velocity against radius ratio. 

when the desired value actually lies on a surface (i. e. , a family of curves are presented 
from which the desired value must be chosen as a function of two other coordinates). 
The procedure is described in reference 6 under the subject heading "Four Point Bivar- 
iate Interpolation. 'I' An e r r o r  message - "Bivariate Interp Error VI = XXX. X, 
V2 = XXX.X" indicates that the coordinates presented to the subroutine are out of range 
of the data provided for the particular set of curves. The subroutine does not extrapo- 
late data. 

data are required from a curve which is described by y = f(x) . 

Subroutine DENR. - The axial velocities Vx at the mean r;clius a r e  computed based 

Subroutine VXR. - This subroutine calculates densities at the hub, mean, and tip 

Subroutine MAXIM. - This subroutine is used to find the minimum value on a curve 

Subroutine BVTL. - This is an interpolation subroutine used to interpolate values 

Subroutine LINT. - This is a standard linear interpolation routine used whenever 

DESCRIPTION OF REQUIRED INPUT DATA 

The following instructions provide a detailed description of the required program 
input data. The "Line" designation refers to one data card. The "Location" specifies 
the card columns in which the input variable must be entered. The "Type of Number'' 
refers to either integer or  fixed point numbers. An integer may consist of more than 
one digit but must be oriented to the right in its field. A decimal point must not appear 
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in the field. A fixed point number may appear anywhere in its field. A decimal point 
should appear in the field i f  the number is not right adjusted. All the data cards must be 
in the deck. If an uncooled turbine is being considered, the data cards must still contain 
cooling input data; the program will predict zero coolant flow based on the input data. 

the estimated cooling flow ratios and a known compressor enthalpy change o r  turbine 
shaft work requirement. 

should be equal. 

An approximate initial input value for DHT can be computed by equation (61) using 

If wall cooling is to be ignored (i. e. , NWC = 1) , the values entered for Y and YB 

Line 

1 
2 

2 
2 
3 
3 

3 

4 
4 
4 
4 

4 
4 

4 

4 

4 

Lo cation 

1-3 
1-12 

13-18 
19-24 
1-12 
13-24 

25-36 

1-6 
7-12 
13-18 
19-24 

25-30 
31-36 

37-42 

43-48 

49 - 50 

Type of FORTRAN 
number 

I 
FP 

FP 
FP 
FP 
FP 

FP 

FP 
FP 
FP 
FP 

FP 
FP 

FP 

FP 

I 

symbol 

NCASE 
TCI 

CORRF 
CORRFW 
FAR 
Y 

YB 

TTO 
PTO 
RPM 
DRTE 

wo 
DHT 

RTE 

RHRTE 

NWC 

Description 

Identification number for the case 
Temperature of the coolant air as it enters the 

A value of 1.0 must be entered 
A value of 1.0 must be entered 
Primary burner fuel-air ratio 
Initially estimated value of the total (blades 

Initially estimated value for the blade coolant 

blades and hub and tip walls, OR 

plus wall) coolant airflow ratio wy, T ~ T / w E  

flow ratio wy, b/wE 
Turbine total inlet temperature, OR e 
Turbine total inlet pressure, lbf/ft'! abs 
Turbine rotational speed, rpm 
Exit tip radius increment, in. (A value of 0.1 

Turbine inlet gas weight flow, lbm/sec 
Turbine enthalpy drop, including the contribu- 

is usually sufficient. ) 

tion from the blade cooling air (see eq. (61)), 
Btu/lbm 

Assumed tip radius at the second-stage exit, 
in. 

Assumed hub-tip radius ratio at exit of last 
stage 

NWC = 1, if only blade coolant flows are to be 
calculated; NWC = 2, if  both blade and wall 
coolant flows are to be calculated 
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Line 

5 
5 
6 
6 
6 
7 
7 
8 

8 

9 

10 

10 

10 

10 

11 

11 

11 

12 

Lo cation 

1-6 
7-12 
1-6 
7-12 
13-18 
1-6 
7-12 
1-6 

7-12 

1-6 

1-6 

7-12 

13-18 

19-24 

1-12 

13-24 

25-36 

1-3 

Type of FORTRAN 
number 

FP 
FP 
FP 
FP 
FP 
FP 
FP 
FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

FP 

I 

symbol 

W W )  
ws (2) 
GAMMA 
R 
PC 
ETAT 
ETA(1) 
R(1) 

R(2) 

VUMCR 

VXE L 

VXEI 

VXII 

VXIE 

FARC 

PF 

DTY' 

NPTD 

Description 

Work fraction for first stage 
Work fraction for second stage 
Main gas stream specific heat ratio y 

Main gas stream gas constant ft-lbf/lbm) (OR) 
Stator total-pressure ratio (pi/pi)  
Overall turbine total efficiency 
Total efficiency of first stage 
Hub reaction for first-stage rotor 

Hub reaction for second-stage rotor 

Mean exit whirl  of last-stage rotor 

Limiting value on axial velocity ratio Vx/Vcr 
at exit of second-stage rotor 

Limiting value on axial velocity ratio Vx/Vc, 
at exit of first-stage rotor 

Limiting value on axial velocity ratio Vx/Vcr 
at inlet to first-stage rotor 

Limiting value on axial velocity ratio vx/VCr 
at inlet to second-stage rotor 

Value for FARC must be set equal to value for 
FAR specified in line 3 

Combustor pattern factor - - T'')/(Tg - T' ) 
(T&max g c, 2 

Decrease (+DTY value) o r  increase (-DTY 
value) in temperature of cooling air between 
compressor bleed and inlet of blade o r  wall 
coolant passage 

Number of temperatures at which gas stream 
fluid properties are entered 
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Line Location Type of FORTRAN 
number symbol 

Description 

13 1-12 FP TPR First temperature at which fluid properties 

13 13-24 FP PRN Value of Prandtl number at first temperature 

13 25-36 FP VIS Value of viscosity at first temperature entered, 

13 37-48 FP CON Value of thermal conductivity at first tempera- 

will be entered, OR 

entered 

lbm/(sec) (ft) 

ture entered, Btu/(sec) (ft) (OR) 

The remaining values of temperature, Prandtl number, viscosity, and thermal conduc- 
tivity are entered on (NPTD-1) cards according to the format just described. 

13+NPTD 1-12 
14+NPTD 1-12 
15+NPTD 1-12 

16+NPTD 1-12 

1 7 +NPT D 1-12 

FP TMS Average stator midspan metal temperature, OR 
FP TMR Average rotor midspan metal temperature, OR 
FP THERME Turbine blade thermal cooling effectiveness 

(This value is used for all four blade rows.) 
FP CPC Average specific heat for cooling air, 

FP TWALLA Average blade hub and tip wall metal tempera- 
Btu/(lbm) e R )  

ture,  OR 

DESCRIPTION OF COMPUTER OUTPUT DATA 

Several sets of computer output are presented in appendix A. Each set contains 
three sections - lyvelocity diagrams, l 1  "initial surface area calculations, l 1  and "coolant 
calculations. '' Each set is the result of one iteration to converge to a correctly matched 
solution, a s  described previously. This allows the designer to examine intermediate re- 
sults to observe trends in the iteration. The format in all the sets is identical. Hence, 
only one set will be described. 

In the velocity diagrams and coolant calculations sections, a subsection titled 
"input data" is printed out. This is a recapitulation of data read and/or used by routines 
TD and COOL. The FORTRAN symbols and units are the same as those used in the input 
instructions. The units used in the printout are defined in table I. The velocity dia- 
grams section of the printout is the result of the computations in program TD. The inlet 
and exit designations refer to the rotor inlet and exit. Since total and total relative data 
are presented, the stator data is also available. The actual velocity diagrams a r e  
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described under the headings RADE, BAE, VAE, etc. The first line of data under these 
headings is data at the turbine tip radius. The second and third lines are for the mean 
and hub data, respectively. (The heading nomenclature is related to the velocity dia- 
grams in fig. 7.) The numbers printed directly under the velocity ratios are the actual 
velocities at that location (i. e. , the numerator in the velocity ratio). Note that when the 
individual blade row cooling air is mixed with the main gas stream later in subroutine 
COOL, different inner-stage temperatures and hence, different critical velocities re- 
sult. Thus, the velocity ratios printed out here will change. The actual velocities, 
however, do not change. The critical velocities computed after the addition of the blade 
cooling air are printed out in the coolant calculations section. Thus, using the actual 
velocities and the revised critical velocities, corrected velocity ratios can be computed. 

The data presented in the initial surface area calculations section are the results 
from subroutine SURC . Blade geometry symbols are defined in figure l(b) . The values 
for blade surface areas are those for the base case which are later updated. 

The data presented in the coolant calculations section are the results from subrou- 
tine COOL. The word "initial" in  the descriptions refers to the base case in which one- 
half of the assumed blade coolant flow is added at the turbine inlet and the other half 
bypasses the turbine (i. e. , the assumption used to generate the velocity diagrams). 
The'word "revised" refers to values computed after the blade cooling air from each row 
has been mixed with the main gas stream. Note that for total relative temperatures at 
the rotor inlet or  exit, the values presented are at the mean radius. All coolant flow 
ratios are obtained by ratioing the cooling air weight flow to the engine inlet weight flow. 
If wall cooling is included (i. e. , NWC = 2) , the blade heights and turbine exit tempera- 
ture printed out have been corrected to include the effects of wall cooling airflows. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Clevelanci, Ohio, December 3, 1970, 
720-03. 
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APPENDIX A 

SAMPLE PROBLEM 

Sample Problem Inpuf; Data 

___- _, -- - r----- 

- . 0 3 s  

1 4 6 0 .  

1 6 6 0 .  
1 0 6 0 .  

2 0  6,O. 
122 6,04. 
124 60,. 

2 0 8 0 .  

* 7,o , 
.,2,67, 
2.0 6% 

. . . . .. - - - - .~ ... . . . -. . . . 

1. 0- 
. 07  6 

8 7 3 4 . 6 8 2 5 .  

44 ,  , 
13.98 j.>97, 

0 9  1 , 
1 4 ,  i 

I 
" " I " " '  . . . ,  / I I  . . .  

. . , , , i ,  .- .. . . f . ~ .  _~.. . 
. .. . _. .- 

. . . - . - - 
. . .. . . . . . . . - .- I 
. . . , . ...~... . 

I 

j . 

. . . ,. 

. , . . . ...- 

+ 

. . . *. 

. . . -  

( . . .  . +  

. , - . .  t 

. ,.. . + 

. .* . - - . - 

. ..- 

_._--A 
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Sample Problem Output  

V E L O C I T Y  i l I A G R A M S  
I N P U T  D A T A * *  
T C 1 = 1 2 C 4 .  .OO 
Y= 0.070' 
H P M = 6 8 7 5 .  .03 
R T E =  22.1;OO 
NVUM= 1 
G A P P A =  1.331 
E T A T =  5.907 
VUMVCR= -0.339 
V X I C -  0,550 

C A S E 1 1 4 4  
tt*.....*........**. 

C O R R F -  l.iir0 
Yk= c.c430 
ORTC= C.li6 
RWRTE; 9.641 
N R T E =  1 
C V =  0 .3c3  
E T A l l ) =  u.89C 
V * E L =  L . 8 5 r  

C O R R F n t  I . i O j  
TTO=2666.0 0 
WO= 316.7C: 
N= 2 
k S l 1 1 =  0.360 
R =  53.980 
R E l l l -  e.180 
V X F I -  O.dW 

L A S T  5 T A , E  U= 2 WGRY S P L I T -  0.440 F F F I C I E Y C Y =  0.901 R E A C T I f l V =  5.145 
l N L E T  S T A T I C  P Q E b U K t  A T  H I J H r " I C Y ~ T I P =  679C.649 7768.621 8381.295 
I N L E T  TflTi iC P R E S S U R E =  1087r .  :77 
I N L E T  T O T  i L  R E L A T I V E  P R E S S U R E  LT H I I B , M F A ' I , T I P =  8274.052 H718.276 7284.179 
INLET Z T t r t c  TEMPLRATIJRE A T  IIUI .MEAXI,TIP= 2147.631 2716.838 2254.774 
I Y L t T  TCITSL T E Y P t 9 A T U R E =  2315.024 
I N L E T  I O T 3 L  Z E L A T I V E  r E M P t R A T U 3 E  A T  H U h . V C A N , T t P =  2L48.066 2 2 7 5 . 4 3 ~  2308.782 
INLET IXN~ITY A T  ~IJB,YEAU,TIP= c.u59 C.Oa5 L . Q W  
t X I T  S T A T I C  P R E S S u t l E  A T  H U B + M t l N . T I P =  6435.645 h439.276 6441.135 
t x i r  T C T A L  PRESSURE- 7232.1m 
C X I T .  T O T Z L  q F L A T I V t  P R F S S U R E  A I  H U E , Y E A N . T I P =  8 1 3 7 . 2 ~ 5  P585.955 9 ~ 1 2 . 3 6 8  
C X I T  S T A T I C  T F M P F R A T U R E  AT l 4 U B , M E A i , T I P =  2128.581 2178.35M 2129.0 1 
tXlT T C T A L  T C M P E U A T U R E =  2186.821 
t X I T  T P T A L  ? t L A T I V E  T t M P E R A T U R E  A T  H U a r M t A N v T I P =  2245.385 22 75.389 231 2.764 
E X I T  O E l Y S I T Y  A T  H U R . C t A N , T I P =  0 . ~ 5 6  0.056 0.056 

R A O E  Q A E  V A E  V E V C R  U t V C R  WEhC'I 
22.0CO -55.9RO -4.OM2 L.4490 0.6323 0.7794 

111.7126 1410.3090 1660.8926 
18.051 -51.2L.5 -4.971 3.4502 0.51'48 0.7016 

~ 3 2 . 8 5 7 4  1 0 7 5 . 1 ~ 8 5  1 4 ~ 3 . 1 2 . ~  
14.102 -45.431 -6.352 J .4512 0.4C53 3.65L6 

135.0891) R39.90Ml 1314.1623 

F I R S T  S T P G E  N- I WORK S P L I T =  0.565 E F F I C I E N C Y =  v A 9 0  
I N L E T  S T A 1 1 C  P R E S S U R E  A T  H U B . M E A V ~ T I P =  11119.911 12017.424 

F A R =  0.023 
PTO=18734.10 
I)HT= 1 4 1 . 9 ~ 0  
Y Q =  2 
U S ( ? ) =  0.44,. 
P c =  U.97J 
REl2 l=  C.14C 
V X I I =  0.350 

R A D 1  B A  I V A I  V I V C Y  I I l V I . (  nlWr'< V X I  V X t  
21.6C9 -8.971 52.201 T.6691. i . 5 > ? 5  3-42'? 9.413 j.448 

18.051 18.479 57.Ch0 i . 7541  C.4937 ..+437 ,. -10 2.448 
145C.583d 1 ~ h 7 .  4 I 90 - 4 1  

1635.4931 1 7 5 . l . c >  r37.@54? 

1927.1086 663.1671 1127.3766 
14.493 43.586 62.517 i .*i811* r . ,qao -.5t144 : .41c  7.448 

R F A C T l @ N =  L.18d 
13629.692 

I N L E T  T O T t L  P R E S S U R E =  18171.978 
I N L E T  T O T A L  R F L A T I V E  P R E S S U R E  AT H U B . M E A N . T I P =  134r6.945 140C1.377 14633.638 
INLET S T A T I C  T E F P E R A T U R E  A T  H U n , M F A N , T I P =  2374.252 i444.716 2488.746 
I N L E T  T O T A L  T E M P E R A T U R C =  26,0.030 
I V L E T  T O T f i L  S F L A T I V E  TEMPERATUWE A T  l I U B * M L A N ~ T I P *  24M7.767 2564.288 2530.913 
I N L E T  O E N b l T Y  A T  h U B ~ C E A N . T I P =  0.097 T.596 u.101 
F X l T  S T A T I C  P R E S S U R E  A T  HUR,"FANITIP= 10291.566 l"321.834 10339.600 
E X I T  T O T A L  P R E S S U S E =  11215.3'17 
E X I T  T O T A L  P E L A T I V E  P R E S S U R F  A 1  HUB,MEAN.TIP= 13029.aCC 13600.24l  1 4 3 D 5 . 5 9 3  
E X I T  S T A T I C  TEMP'dATURF 47 I U B . M E A N . T I P =  2347.864 234'3.460 2350.3'45 
E X I T  T C T A L  T E M P E S A T U R E =  2395.124 
E X I T  T C T d L  R E L A T l V E  T E M P E R A T U R C  A I  H U B . M E A N , T I P =  2479.576 2504.279 7533.747 
t x i r  DENSITY AT HUB,MEAN.TIP= 0.081 0.081 c.081 

RAOE R A E  VAE V F V C K  U E V C K  HEWCR R A O I  B A  I V A l  V1VC.I U I V L R  ~ I W L R  V X I  4 X E  
71.226 -b1.336 -i3.531 0.3774 0.5829 0.7438 20.849 12.095 61.313 9.7015 0 . 5 4 ' 3  ?.1531 ,.357 -.3b7 

18.051 -58.513 -15.800 0.3R14 0.4957 u.6075 10.051 35.534 64.656 C.7860 @.47*'4 0.4264 ,.a37 2.367 

14.876 -55.532 -18 .551  0.3883 0.4086 u.6372 15.253 52.813 68.187 '?.'rCh2 r.397, T.5767 Z.?37 ..3a7 

818.5040 1264.2C37 1659.C31Y 1603.3556 1241.7LjO i87..'1 12 

127.0335 lG75.1C85 1524.49Cl 1797.7037 1 ~75. lOE5 445-6542 

?41.3016 Y06.0133 1406.1247 2 ~ 7 i . c o 6 2  v c e . + 5 ~ 0  1 ~ 7 3 . 1 9 6 8  

I U I T I A L  S U R F A C E  Af lEA C A L C U L A T I C N S  . . . . . . . . . . . . . . . . . . . .  

WLAOF E N T f R I V G  A U G L k . B E T A  1,FO' ROWS 1.c13,4= 90.00G 125.534 105.805 1Ctl.499 
B L A D E  L E A V I V :  A N C . L E r R t T A  2 , F I l K  RUkS 1.2.3.4= 25 344 31.467 32.940 38.795 
H L A O F  C A P a E Q  A Y G L L ~ P H I ~ F O R  9CHb 1.2.3,4= 49.421 27.341 33.469 24.425 
H L A U E  CAMdER LEN'.TH T O  i t l O Q 3  LLV(.TH R A T I U  FOR ROUS 1.2.3,4= 1.493 1.32C 1.528 1.21c 
A X I A L  C H I I ' O S  F O R  * Q d S  1,2,3.4= 2.798 1.991 2-244 1.531 
S I N G L E  B L W E  A R E P S  FOR ROWS 1.1.3.4= 47.447 31.859 40.749 27.723 
P I T C H  FOR QOdS lr2.5,4= 2.560 1.546 1.931 1.205 
Y E A N  R A l l I  U Z l R C U b F E R t ? l C f =  113.418 
L l l Y L E R  OF H L A O E S  1 4  H ( I H 5  1 .2+3 ,4=  44. 1 3 .  59. 94. 
T O T A L  B L A U E  S U R F A C E  A P E A S  I h  R W S  1.2.3.4. 21C2.041 2337.120 2393.235 2609.172 
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PTD= 0. 
NPTO= 12 
TPR=1460.>00 
TPR=1660.003 
TPR.1860. ZOO 

FARC= 0.023 

PRN= C.710 
PRN= 0.7C9 
PRN= 0.708 
PRN= 0.706 
PRN= 0.705 
PRN= u.754 

PKN= 0.702 
PRN= 0.70C 
P RN= 9.69 5 
PRN= 0.693 
PRN= 0.686 
TMS=2180.000 
CPC= 3.267 

p a =  0.703 

PF= 0.150 O T Y =  400.000 

T PR = 2 060. :'OD 
TPR=2260. ,03 
TPR=2460.'~00 
TPR=2660.C00 
TPR=2860.'00 
TPRr3060. 300 

TPR.3460, '00 
TPR=3660.000 
FITS= 1 

TPR-3260. 203 

THERYE= n. 700 

I N I T I A L  TOTAL BLAUE SURFACE AREAS FOR R O k S  l r2 ,3 ,  4= 

VIS=O.24OE-D4 
VIS=0.26@E-04 
VIS=0.280E-i4 
VIS=O.300E-04 
VIS=CS32OE-04 
VIS=0.340E-G4 
VIS-0.355E-04 
VIS=0.370E-04 
VIS=O.390E-O4 
VIS=0.435E-G4 
V I  s=o. 420~-04 
V I  S=OS435F-04 
NTR= 1 
ThALLA=2060.00 

cm=n. 9 5 0 ~ - 0 5  
CON=O. 108E-04 
CON=C. 117E-04 
CON=O. 127E-04 
CON=G. 137E-04 
CON=3.147E-04 
CON=O. 1606-04 

CON=C. 180 t-04 
CON=O. 192E-04 
CON=O. 205k-04 
CON=0.220E-04 

CON=O. I ~ O E - O ~  

THR=2F8C.000 

COOLANT I VLEi TEPPERATURE= 12~4 . l i JJ  
ASSUME0 ULADE THERYAL COOLING FFFECTIVENESS= 0.700 
I N I l I A L  TOTAL EXIT TEYPERATUPE RFLaTIVF TO RUhS 1,2,3,4= 2660.000 2504.279 2395.024 2275.389 
I N I T I A L  TITAL IYLLT TEMPFRATURt RFLATIVE TO ROWS 1121314s 266u.OOC 2504.788 2395.024 2275.432 
RtVISFO T.IT4L I N L t T  TEPPESATURt RtLATIVE T O  ROWS 1.2,3,4= 2663.000 2479.326 2354.005 2227.523 
RtVISED TOTAL EX11 TEMPERATURE RELATIVE Ti l  ROWS 1.293.4- 2635.038 2463.259 2347.116 2223.450 
REVISE0 I X A L  RLAI3E SURFACE ARFAS FOR R O d S  l r Z r 3 . 4 =  2050.533 2307.184 2385.141 2606.825 
ASSUlrEO W t T A l  TFNPtRATURE FCQ ROhl 11= 21SO.000 BLADE COCLANT FLOW RATIO= 0.016565 

AL TF&'PERATUKt FOR ROW1 21= 7WJP. i lCO BLAOE COULANT FLOW R A T I O -  0.012323 
AL TEWPtRATURE FOR Rod1 3). 21RC.000 BLADE COOLANT FLOW RATIO= 0.005897 
AL TEFPERATURE FLR KO*I( 4 1 1  zo8n.000 RLAOE COULANT FLOW R A T I O =  0.903933 

ASSUPEO WSLL METAL TEMPERATURE= 2060.bCOO~O 
MALI. CCOLANT FLOW R A T I O  FOR Rod1 1 1 1  0.015231 
hALL CCOL4NT FLflC R A T I O  FOR ROdl  2 1 s  0.0058d6 
WALL CCOLANT FLOb R A T I O  FOR R O h I  3). O.CC3i47 
kALL CCOLRNT FLOW R A T I O  FOR ROW( 41;: 3.3OC223 
TURHINE W I . I S i T  FLOW A T  E X I T  OF KUdS 1 , 2 . 3 . 4 =  328.818485 334.921719 337.918358 339.310982 
AVERACF BLAOE HEIGHTS FOR ROWS 1.2.3.4 h l T H  BLAOF AN0 WALL COOLA\lT= 5.546 6.934 6.9C4 7.726 
REVISED V X I  &NO V X t  FOR F I R S T  bNO SECUhlD 5TAGE R O T O R 5 =  0.338 0.370 0.414 3.454 
TURBINE E X I T  TOTAL TEMPtRATURE WITH RLAOE AN0 kALL CUOLANT= 2112.457 
AVERAGE H.T. COFFFICIEPITS FCR KOWS 1 . Z r 3 . 4 =  0.lllttGC 
CRITICAL ABSOLUTE VELOCITIES A T  E X I T S  O f  ROWS 1.7.3.4. 
CRITICAL *ELATIVE VELOCITIES A T  E X I T S  OF ROWS 1.2.3.4= 

... tt..*.........*.. 
CASE-144 

VELOCITY OIhGRAHS ********.*********+* 
INPUT DATA** 
TC I = 1204.ZOO 
Y =  0.0631 
RPM=6825.G00 
RTE= 22.C00 
NVUM= I 
LAMMA= 1.301 
ETAT= 0.900 
VUlrVCR= -0.339 
VXIL= 0.550 

CIRRF= i . roo 

ORTE- o.icn 
YR= P.V-387 

RhRTE= 0.641 
NRTC= I 
cP= 6.jOO 
E T A l l l =  0.890 
VXEL= u.800 

2102.041 2337.120 2393.205 26G9.172 

0.106Et00 C.85YE-01 0.HDRE-01 
2275.795 215 1.015 2147. R65 2048.452 
2207.530 7200.365 2092.429 2090.515 

CORRFW= 1.603 
TTO=2660.OLO 
WO= 321.117 
N= 2 
WSllI= 0.560 
R =  53.980 
R E l l I =  0.180 
VXEI. 0 . 8 O C  

FAR= C.023 
P TO= 18 7 34. C O  

NR= 2 

PC= 0.970 
RF121= 0.14. 
V X I I I  7 . ? 5 0  

OHT= 1 4 C . I J 8  

w s i z ) =  0.44? 

L A S T  STAGE Y =  2 W O ~ K  SPLIT= 0.440 EFFICIENCY. 0.901 REACTION= 0.~40 
INLET S T A T I C  PRESSURE A T  HUB.HEAY,TIP= 6890.863 7817.989 8378.736 
INLET TOTAL PRESCURE= 10953.929 
INLET TOTAL IELATIVE PPtSSURE AT HUB.HFAY,TIP= d391.926 8825.383 1372.423 
INLET S T A T I C  TEMPERATURE A T  HUd.MEAN,TtP= 2154.489 2218.339 2254.177 
INLET TOT9L TEMPFKATURE= 2398.371 
INLET TOTAL QELATIVE TEHPERATU9E A T  HUB,MtAN,TIP= 2254.996 2281.426 2313.391 
INLET DENSITY AT HU8.MFAN.TIP= 0.059 b.065 0.969 
EXIT S T A T I C  PRESSURE AT HUB.MEAN.TIP= 6523.945 652/.625 6529.510 
EXIT TOTAL PRESSURE= 7329.942 

EXIT STATIC TEMPERATURE AT HU8.HEANITIP= 2134.497 2134.775 2134.91M 
EXIT TOTAL TEMPERATURE= 2192.805 
EXIT TOTAL RELATIVE TEMPERATURF 4 1  HU8.MEANITIP= 2251.377 2281.381 2318.756 
E X I T  DENSITY AT HUB,PEAN,TIP= 3.057 0.G57 0.057 

E x i r  T O T A L  RELATIVE PRESSURE A T  HUB,HEAN.TIP= 8214.524 8698.293 9331.188 

RAOE 8AE VIE VEVCR UEVCR hEhCR RAOI 8A I VA! VIVCR UIdCR WIWLR V X I  VXE 
22.000 -55.969 -4.085 0.4492 0.6314 0.7785 21.473 -8.575 50.684 0.6779 3.5893 0.44#3 .430 5.448 

18.051 -51.193 -4.975 0.4498 0.5181 0.7009 18.051 16.666 55.456 0.7575 0.4?54 0.4598 0.430 ?.448 

14.102 -45.422 -6.358 0.4509 0.4048 0.6300 14.629 40.625 60.843 0.8817 0.4115 5.5837 0.430 3.448 

932.1907 1310.3090 1661.2326 1471.2487 1 2 7 8 . ~ 4 t  1 942.81 37 

133.3380 1075.1085 1483.5035 1643.9457 1575.1Oa5 '173.1559 

935.5755 839.9081 1324.5949 1913.3829 671.26e9 1226.3i60 
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FIRST STAGE N= 1 HORK SPLIT= 0.56G EFFICIENCY-. 0.890 REACTION= C.180 
INLET S T A T I C  PRESSURE A T  HUR,MtAN,TIP= 10794.290 12534.069 13571.334 
INLET TOTAL PRESSURE. 18171.979 
INLET TOT3L RELATIVE PHtSSURE PT HUBIMEANITIP= 13416.820 13947.383 14586.089 
INLET S T A T I T  TEPPERATIJRE A T  HUt:.MEAN.TIP= 2368.049 2440.961 2486.179 
INLET TOT4L TFMPEYATURE- 2660.000 
INLET TOTbL RELAllVE TEMPERATU*E A T  HUBtMEANITIP= 2479.786 2502.051 2528.105 
INLET DENSITY AT HUB.MEANITIP= 0.086 0.095 0.1a31 
FXIT S T A T I C  PRESSLlRt A T  HUB,PEAN.TIP= 13207.071 1C225.395 10236.647 
EXIT TOTAL PSESSURE= 11292.710 
EXIT TOTAL RELdTIVE PRESSURE A T  HUB.MEANvTIP= 13032.690 13559.028 14198.323 
EXIT STATIC TEMPFKATURE AT WB,MEAN.TIP= 2342.935 L343.908 2344.534 
EXIT TOTAL TEMPERATURE= 2398.371 
EXIT TOTAL RELATIVE TEMPERATURE A T  HUBsMEAN.TIP* 2479.221 2502.035 2528.847 
EXIT DENSITY A T  HU8,VEANrTlP= 0.081 0.081 0.081 

RAOF RAE VAE VEVCR UEVCR UEWCR RAOI BA I V A I  V I V C R  UIVCR UIWCR V X I  VXE 
20.960 -57.868 -10.273 0.4144 0.5752 0.7465 20.883 12.694 61.401 0.7066 0.54+2 0.3556 0. i 3 8  0.4J8 

899-2326 1248.3378 1663.5103 1614.R74h 174 '4 .11 ( .1  197.3'4 5 - . . . - - - - - - - - - . 
18.051 -54.951 -11.884 0.4166 0.4954 0.6951 18.051 36.174 64.768 G.7934 0.41 4 0.4320 5.338 d.4J8 

15.142 -51.787 -14.083 5.4203 0.4156 0.6483 15.219 53.354 68.331 0.9160 0.3966 1,158b9 5.338 0.4G8 
904.1979 1075.1085 154U.6920 1813.3143 1C75.1085 957.t276 

912.2343 901.8792 1430.3347 2093.4732 906.44.9 1195.1251 

I N I T I A L  SURFACE AREA CALCULATIONS . . . . . . . . . . . . . . . . . . . .  
BLADE ENTtRING ANGLE.EETA l.FOQ ROWS 1,2,3,4= 90.000 126.174 101.884 106.666 
BLADE LEAVIYG ANGLEIDETA 2,FOR ROWS 1,2,3,4= 25.232 35.049 34.544 38.807 
8LAOE CAMME? ANGLE.PHl.FOR KOUS 1.2.3.4= 40.297 23.337 34.848 25.207 
BLADE CAMHE3 LENGTH TU CHORO LhNGTH RATIO FOR ROUS 1.2.314t 1.489 1.268 1.329 1.212 
AXIAL CH07OS FOR ROWS 1.2.3.4- 2.832 1.913 2.110 1.474 
SINGLE BL3OE AREAS FOR ROUS l.L,3r4= 48.491 28.271 36.355 26.756 
PITCH FOR ROHS 1,2,3.4= 2.587 1.336 1.927 1.210 
MEAN RADIAL CIRCUMFERENCE= 113.418 
NUMBER OF BLADES I N  ROUS 1.2~3.4= 44. 85. 59. 94. 
TOTAL BLACE SURFACE AREAS I N  ROWS 1.213,4= 2125.663 2399.469 2122.615 2507.059 

INPUT VATB** 
PTO= 0. 
NPTO= 12 
TPR=146O. 300 
TPR=1660.300 
TPR=l860.C00 
TPR=2060.000 
TPR=2260.303 
TPR=2460.C00 
TPR=2660.900 
TPR=2860.003 
TPR=3060. jO3 
TPR=3260.*'00 
TPR=3460.000 
TPR=3660.500 
NTS= 1 
THERM€= 0. 7 00 

FARCZ 0.023 

PRN= 0.710 
PRN= 3.709 
PRN= 0.708 
PRN= 0.706 
PQN= 3.705 
PaN= 0.704 
PHN= 0.703 
PPN= 0.702 
PKN= 0.700 
PRN= 0.695 
PRN= 0.693 
PRN= 0.686 
TMS=2 18C .COO 
CPC= 0.267 

PF= G.15G 

VIS*0.24OE-O4 
VIS=S.26OE-04 
VIS=O.280E-O4 
V I  s=o. 300E-0 4 
ViS=O.320E-O4 
VIS-0.340E-04 
VIS=0.355E-04 
VIS=O.370E-04 
VI5=0.390E-04 
V~S=0.405E-04 
V I  S=0.420F-04 
VIS=0.435E-04 
NTR= 1 
TUALLA=206C.005 

O T Y =  400.000 

CON=O. 950E-05 
CON=0.108E-04 
CON=@. 117E-04 
CON=O. 127E-04 
CON=O.137E-04 
CON=i). 147E-04 
CONSO. 160E-04 
CON=O. 170E-04 
CON-0 . 1 B O  E-04 

2122.615 2501.059 I N I T I A L  TllTAL BLAUE SURFACE A R C A S  FOR ROdS 1,2,3,4= 2125.663 2399.469 
COOLANT IYLET TEMPERATURE= 1204.000 
ASSUCEO BLAOF THEKMAL CCCLING EFFECTIVENESS. 0.70G 
I N I T I A L  TOTAL EXIT TEMPERATURE RtLATlYE TO ROhS 1.2.3.4= 2665.000 2502.035 2398.371 2281.381 
I N I T I A L  T'JTAL I N L t T  TEMPERATURE RELATIVE T O  ROUS 1,2,3,4= 2660.003 2502.051 2398.371 2281.426 
KEVISEO TilTAL INLET TEMPERATURE RELAIIVE TO ROUS 1,2.3.4= 2660.003 2477.096 2356.921 2233.581 
REVISE0 TOTAL E X I r  TEMPERATURE RELATIVE T O  ROHS 112r3.4= 2635.045 2460.591 2350.526 2229.434 
REVISE0 T X A k  RL4OE SURbACE AREAS FOR ROWS 1.2.3.4- 2068.574 2363.058 2111.156 2498.749 
ASSUMED MFTAL TEWPERATURE FOR KOUI 1 l =  2180.000 BLAOt COOLANT FLOW RATIO= 0.016708 
ASSUPEO PiTAL TEMPERATURE FCR ROW1 21= 2080.0CO BLADE COOLANT FLOW RATIO= 0.012804 
ASSUPEO MtTAL TEMPERATURE FOR ROW1 31= 2180.000 BLADE COOLANT FLOW R A T I O =  0.005509 
ASSUCFO McTAL TEMPERATURE FOR ROW1 41= 2080.000 BLADE COOLANT FLOk RATIO= n.OC4'Ilb 
ASSUMED WALL METAL TEMPERATURE= 2060.000000 
kALL CCOLANT FLOW R A T I O  FOR ROW1 11- 0.015377 

hALL CCOLDNT FLOd R A T I O  FOR Rod1 315 0.003049 
HALL CCOLANT FLOW RATIO FOR R O * (  4l= 0.000301 
TURBINE h r l S i T  FLOW AT EXIT OF ROUS 1,213.4= 331.759995 337.893864 340.761044 342.207428 
AVERPGF BLADE HFIGHTS FOR RDUS 1.2.3.4 WITH BLADE AN0 WALL COOLANT= 5.599 5.781 6.478 

TURBIVE E X I T  TOTAL TEMPERATURE WITH BLADE BNG hALL CVOLANf= 2118.617 
AVERbGE 1I.T. COEFFICIENTS FCH ROWS 1.2,3*4= D.111EtOO 9.10BE+00 ,.897€-01 0.427E-01 
CRITICAL ADSILUTC VELOCITIES A T  EXITS OF ROHS lr2.3,*= 2275.798 2152.347 2149.425 2051.314 
CRITICAL 4ELATIVE VELOCITIES A T  E X I T S  OF ROUS 1.2.3,4= 22G6.536 2199.173 2095.273 i093.327 

WALL C C O L ~ N T  FLOW RATIO FOR Roui 21= n.005504 

RtVISFO V X I  AN0 VXF FOR FIRST AN0 SECOND STAGE ROTORS= 0.340 0.411 0.434 0.45; 
7.568 

....+....**....... t. 

THE LAST SET OF CUTPUT COYTPINS THE CONVERGED SOLUTIOY 

+01* EXiT I N  COOL 
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APPENDIX B 

PROGRAM LISTING 

COCFION / X L O O P /  RYIRYBIRWO,RDHT.NWCIITT,TESTY 
COHVON / C F C T /  T C I r C O R R F W , C O R R F , Y W r T P ~ M T P ( l ~ ~ ) r D H C r W P S T A T ( 5 ) r H T E M P (  

15 1 
COWMON / S V /  X V A I ( 5 ) r X B A I ( 5 ) . X B A E ( 5 ) , X V A E ~ 5 ) , S A V E , B H S ( ~ 1 , ~ H R ( 5 ~ , R A E  
1 ~ 2 G 1 ~ T G A ~ 2 0 ) ~ h F ~ R A T ~ 3 ~ ~ R A H f 3 ~ ~ R H O I ~ l O ~ ~ R H O € ~ l G ~ ~ V E L ~ l O ~ r V I L ~ l O ~ ~ P P  
2 ~ 1 0 ~ ~ T T ( l O ~ r C O N S T 2 r C O N S T l ~ V I t C I o r G A M ~ A ~ R ~ D T ~ l ~ D T R Z ~ F A ~ ~ W E T O r V X I  
3 2 * V X E 2 , V X l l r V X E 1  

COFJPON V X I L  
D I M E N S I O N  VUI(20)r V U E ( 2 0 ) p  V I ( 2 O l r  V E 1 2 0 ) r  U I ( 2 0 ) 1  UE(201, WUI(20 

1 1 9  W U E ( 2 0 1 r  W I Z ( 2 0 ) r  W E 2 ( 2 0 ) r  T R T E ( 2 0 1 r  H C R E ( 2 0 1 r  B A E ( 2 0 ) r  B A I ( Z 0 )  
2 ,  V A E ( 2 0 1 ,  V A I ( 2 0 1 9  V E V C R ( 2 0 1 ,  V I V C R 1 2 0 ) r  U E V C R ( 2 O ) r  U I Y C R 4 2 0 ) r  WE 
3 W C R ( 2 0 ) ,  W I k C R { 2 0 ) r  T R T I ( 2 O ) r  W C R I ( 2 0 ) r  D H ( 2 0 1 ,  WS(2O)r E T A ( 2 0 1 ,  R 
4 A I ( 2 0 ) ,  R E ( L O ) ,  V U M V C R ( 2 0 1 ,  T E T ( 2 0 ) r  T P E ( 2 0 1 ,  K T ( 5 0 ) t  S V E ( 2 0 ) r  SWE 
5 2 ( 2 U ) r  S V I 1 2 0 ) r  S W i 2 ( 2 @ ) r  D U M M Y 1 1 0 0 1 r  N D U M ~ Y ( i U 0 ) s  P R T I ( 1 O i l ) r  P R T E  
6 ( 1 O C ) ,  T S T A T E ( 1 0 0 ) r  T S T A T I I l O O ) ,  P S T A T E ( 1 0 0 ) r  P S T A T I ( 1 0 0 ) r  RHOSE(1 
7C01, R H O S I ( 1 0 0 )  

1U( 50 1 ,DUM( 10 1 r NOUMt 10 1 
D I M E N S I O N  H I R ( 5 ) r  H E R ( 5 ) r  C V A E ( i 0 0 1 ,  TPPCU(1OC)p T P P C V ( 1 0 0 ) r  T P P C V  

1 R E A D  ( 5 1 5 1 )  N C A S E  
READ (5,521 TCI,CORRF,CORRFW 
R E A D  ( 5 9 5 3 1  FAR,Y,YB 
R E A D ( 5 r 5 4 ) T T ~ ~ P T O ~ R P M I D R T E , W O , D H T , R T E t ~ H R T E ~ N W C  
P T O = P T f l / 1 4 4 -  
N- 2 
NR=2 
N V U P = l  
N R T E = l  
REAO (5,551 ( W S { I ) r I = l r N )  
READ ( 5 r 5 6 )  G A M M A r R r  P C  
CP= ( GAMMA + R  ) / ( GAMMA- 1 e 1 
C P = C P / 7 7 8  
R E A D  ( 5 r 5 5 )  E T A T , ( E T A ( I ) , I = l r N I  
REAO ( 5 r 5 5 )  ( R E ( I ) r I = l r N )  
R E A D  ( 5 , 5 5 1  ( V U M V C R f  I ) r I = l r N V U M )  
REAO ( 5 1 5 5 )  V X E L I V X E I ~ V X I I T V X I L  
I F (  NWCeEQ. 1) Y=YB 
D U M ( l ) = R T E  
D U M ( 2 ) = R H R T E  
N D U P ( l ) = V  
DUM (31 = P T O  
1 T T = 0  

I T T = I T T + l  
2221  C O N T I N U E  

W R I T E l 6 , 2 2 2 3 ) I T T  
2223 FORMAT(  1H r 1 6 H I T E R A T I O N  NUMBER, 14) 

IF{ ITT.EQ.1lGf.Y TO 5000 
Y-RY 
YB=RYB 
IF ( NWC EQ 1 1 Y = Y B  
WO=RWO 
OH T =RDH T 
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RTE=DUM ( 1  ) 
RHR i E = D U M  ( 2  1 
N=NDUY 1 1 ) 
PTO-DUM( 3 
CON T I N U  E 5000 
W R I T E  4 6 - 5 7 ]  NCASE 
W R I T E  (6940) 
W R I T E  (6q50)  
WRITE: (6,411 T C I  pCORRF?CURRFW,FAR 

P T O = P T D * 1 4 4 *  
W R I f E  ( 6 9 4 2 )  Y + Y B . T T O s P T O  
P T O = P T 0 / 1 4 4 .  
W R I T E  (6.43) RPMpDRTE,WO,DHT 
WR I TE ( 6 - 4 4 )  R T E  HHR TE r N  (NR 
k R  I TE 
W R I T E  1 6 , 4 6 1  GAMMAtCP,R,PC 
W R I T E  (6941) E T A T p E T A ( 1 I  # R E ( l l r R E ( 2 )  
W R I T E  (6.48) VUMVCR(l)rVXEL,VXEIsVXII 
W R I T E  1 6 . 4 9 )  V X I L  
D H C B = l - + o  5+ ( YB /  ( I 1 m - Y  1 * (  1. +FAR ) 1 1 * ( T C  I / T T O  1 
OHC=DHT*tIl.-Y)*(lo+FAR) )*DHC8 
WETfl=WD/( l o + F A R * f  1,-Y 1-Y 

T E S T Y = V  

( 6 9 45 1 NVUMI N R T E  + W  S (  1) t WS ( 2 1 

WCBTO=YB*WETO 
W F = W O+ W C B T C1/ 2 
YW=Y-YB 

C M I N E = l  FOR SECOND STAGE 
C PINE=2 FOR F I R S T  STAGE 

C I N E = O  
DUMMY( 1 ) = T T O  
GUMMY( 2 ) = P T O  
DUMMY( 3 )=HPM 
D U M P Y f 4 ) = D R T E  
DUMMY ( 5 1 = WF 
DUMMY( 6 ) = D H T  
DUMMY I 7  1 = R T E  
CUMMY t 8 ) = R H R T E  
NDUPMY ( 9  ) = N  
NDUMMY t 10 =NR 
N D U M M Y ( l l ) = N V U M  
N D U P M Y ( l Z ) = N R T E  
DUMF’Y I 1 3  1 =WS ( 1) 
DUMMY t 14)  =WS ( 2 
D U P C Y I 1 5 ) = G A M # A  
CUMMY I 1 6  1 =CP 
DUMMY( 1 7 ) = R  
DUMMY( 18 1 =PC 
D U P M Y ( L 9 ) = € T A ( l )  
D U P M Y ( Z O ) = E T A ( 2 )  
DUMMY( 2 1 t =P E ( i 1 
D U P M Y l 2 2 )  =R€  ( 2 )  . 
OUCMY 1231 =VUMVCR 11 

. D U M M Y l 2 4 ) = V K E L  
D U ~ Y Y ( 2 5 l = V X e I  
D U M M Y 1 2 6 ) = V X I I  
C J = 7 7 8 .  
G t 3 2 . 1 7  

2222 C O N T I Y U E  
NA=Y 
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2 

T T O - D U M M Y ( 1 )  
PTO=DUMtrY (2 1 
R PM-DUMMY { 3 ) 
D R T E = D U M M Y ( 4 )  
kF=DCJMYY ( 5 )  
OH T =DUMMY ( 6 1 
R T E = D U M M Y ( 7 )  
R H R T E = D U M M Y ( B )  
I\=NDUMYY I9 I 
hR=NDUMMY (10 1 
N V U M = N O U M M Y ( l l I  
N R T E - N D U M M Y ( L Z 1  
WS ( 1 )=DUMMY ( 13 1 
W S ( Z l = O U C M Y 1 1 4 )  
GAMWA=DUMMY ( 1 5  1 
CP=UUMMY I 16 1 
R=DIIMMY ( 17 1 
PC=CUMMY ( 1 8  1 
E T A I L ) = D U M P Y f 1 9 )  
E T A ( 2 ) = D U M M Y ( 2 0 )  
R E ( l ) = D U M M Y ( 2 1 )  
' R E ( Z ) = O U C M Y  (22) 
V U M V C R I l l = O U M M Y ( 2 3 )  
VXEL=DLJMMY ( 2 4 )  
VXE I =DUMMY I 2 5  1 
V X [ I = D U M M Y ( 2 6 )  
RT t 1 )=RTE 

R T  f K t )  = R T  { KL-11 +DRTE 
C O N T I N U E  
DHT=DHT *C J 
P T f l = P T O * 1 4 4 . 0  

DO 2 K L z 2 r N R T E  

IF ( N - E Q . 1 )  GO TO 4 
P T E = P T O * ( l . O - D H T / ( C P * T T ~ * E T A T * C J ~ ) ~ , ( G A M M A / ( ~ A ~ M A - l e O ) )  
PT=PTO 
T T = T T O  
N S = N - l  
CO 3 I I = l r N S  
D H ( I I ) = W S ( I I ) + D H T  
T P E ~ I I ~ ~ P T ~ ~ l . O - O H ( I f ) / ( C P + T T , E T A ~ I I ~ + C J ~ ~ ~ ~ ~ ~ A M M A / ~ G A M M A - ~ ~ O ~ ~  
P T = T P E (  I 1  1 
T E T I  I 1  ) = T T - D H (  I 1  ) / ( C P * C J  1 
T T = T E T  ( I i 1 3 
E T A f N ) = W S I N ) * D H T / ( C P * T T * ( ~ . O - ( ~ ~ E / ~ T ~ * * ( ( G A M M A - l * O ) / ~ A M M A ) ) * C J )  

4 00 39 K L - l r N R T E  
RTE=RT ( K L  1 
R T E = R T E / 1 2 . 0  

V U E V C R = V U M V C R ( K )  
KODE=0 
h = N b  
KRTE=O 

C L-AST S T A G E  E X I T  
DH(N)=WS(Nl*DHT 
T T E - T T O - D H T / ( C P * C J )  

T T E  2 = T T E  
PTE2=PTE 

KCC = 1 

DO 38 K = l s N V U M  

P T E = P T 3 + ~ 1 . 0 - D H T / ( C P * T T O ~ E T A T * C J ) ) * ~ ( G A M ~ A / ( G A M M A - l . O ) )  

R A P S z 3 . 1 4  26*RPM/30 .0  
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WH I C=O 0 
5 L T E = R T E * R A P S  

RHE-RTE*RHR TE 
RME=(RHE+RTE) /Z .O  

CE=VUEM*RME 
V U E  ( 1) = C E / R T E  
VUE I21 =CE/RME 
VUE t 3 )  = C E / R H E  

VUEI$=V!JEVCR*SOKTI~.~+G+G~MMA,R+TTE/IGAMMA*R*~TE/~GAMMA+L~)) 

AE=3 .1416*RTE*+2* (1oO-RHKTEI+2)  
C A L L  DENR ~ V X E ~ G ~ G A H M A ~ C P I R ~ T T E ~ P ~ E ~ V U E ( Z I * W F ~ A E , R H O M I  
IF (VXEoGT.VXEL*SQRT(  2.O+GAMMA+G~R+TTE/IGAMMA+loO) 1 J GO T O  36 
C ~ L L  V X R  I VUE, VE, VXE, W F ?  TTE, PTE,G,GAHMA, CP,R,RTE,RME,RHEI 
UEl L)=UTE 
U E ( 2 1 = R M E * R A P S  
UE I 3  )=RHE*RAPS 
kUE ( 3 )  = V U E  1 3 I - U E  [ 3 1 
W E 2 ( 3 l = V X E * * 2 + k U E ( 3 ) * * 2  

C L A S T  S T A G E  I N L E T  
k I W E H 2 = 1 o - R E ( N )  
CI=tG*DHIN)+RAPS*CE)/RAPS 
T T I = TTE+DH ( N 1 / [ C P * C J  1 

T T I  2 = T T I  
P T I Z = P T I  
RM I =RME 

P T I = P T E / (  ~ l ~ O ~ D H I N ~ / I C P ~ C J * T T I * E T A ~ N ~ ~ ~ * ~ ~ ~ ~ M M A / ~ G A M M A ~ l o O ~  )I*PC 

R H  t Z = (  %ME-RHE) * G o  55+RHE 
R H R T I L = R H R T E - o 0 2  
RHRT 12= 1 o O /  ( 2 oO*RM I / R H  12-1 -0 1 
C A L L  R H R T 2  ( R H R T I ~ ~ G A M M A ~ C P T G ~ R ~ T T I ~ P T I ~ W F ~ R M I ~ C I ~ $ ~ Z ~ ~ )  
R H R T I L = R H R T I  2 
KCHK=O 
T O L E R = o  0002 
iND='l 

RTI=SQRT(AI/(3o1416~(l~O-RHRTIl**2) 1 )  
6 A I = ~ . ~ ~ ~ ~ + ~ ~ ~ * R M ~ * * ~ * ~ ~ ~ L ~ - R H R T I ~ ) / ( ~ ~ O + R H R T I ~ ~  

R H I = R T I * R H R T I l  
V U I ( l ) = C I / R T I  
V U I ( 2 ) = C I / R M I  
V U 1  ( 3)  = C I  / R H  i 
C A L L  D F N R  1 V X I ~ G ~ G A M M A , C P ~ R , T T I ~ P T I ~ V U I ( Z ) ~ W F ~ A I ~ R H O M )  
C A L L  VXR ( U U I ~ V I ~ V X I T ~ F ~ T T I ~ P T I ~ G ~ ~ A M ~ A , C P ~ R ~ R T I ~ R M I ~ R H I )  
U I ( 3 ) = R H I * R A P S  
WHI 2 = ( V U I  ( 3  I-UI ( 3 1 ) * + 2 + V X I  * a 2  
WHI2r-WHI2 

I F  ( I r U D . L T . 6 )  GO TO 6 
WH12=-WHI2 

kiC=W IWEHZ*WE2 I3 1 

C A L L  M A X I M  ( R H R T I L T R H R T I ~ ~  W ~ I I ~ , I N D I T O L E R )  

R H K T 1 2 = R H R T E - o 0 0 2  

7 A I 1 ~ 3 o 1 4 1 6 * 4 o O + R M I * * 2 ~ ~ 1 ~ ~ ~ R H R T 1 2 ~ / ~ 1 ~ 0 + R ~ R T 1 2 ~  
RTI=SQRT(AIl/~3.1416*~l.~RHRlI2**2))) 
RH I = R T I  *RHRT I2 
V U 1  ( L ) = C I / R T I  
V U 1  ( Z ) = C I / R M I  
L U I ( 3 ) = C I / R H I  
C A L L  DENR 
C A L I -  VXR ( V U I ~ V I ~ V X l ~ k F t T T I ~ P T I , G , G A M M A , C P , R p R T I , R M I p R H I 1  

( V X I  SGVGAMMA ,CP, RI T T  I , P T I  ,VU1 t 2 I s  WF, A I  1, RHOM 1 

UI(3)=RHI*RAPS 
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8 

9 

10 

11 

12 

C 
13 

C 

C 

C 
14 

WH I21=( V U 1  I 3  1 - U I  ( 3 1 )  + * 2 + V X  I**2 
I F  ( W H I Z L o G E m W C )  GO TO 8 
I F  I W H I 2 1 . L E o W C l  GO TO 9 
IF ( W H 1 2 o L E o W C )  GO TO 12  
I F  (KCHK.EC.1)  GO TO 10 
R H R T I 2 t R H R T I  L 
WH I2E=WHI2 1 
K C H K = l  
GO -ro 7 
IF IWH12oGE.WC) GO T O  12 
I F  ( K C H K m E Q o l )  GO TO 10 
RHR T I 2  =RHRT I I. 
k H I L E = W H 1 2 ?  
K C H K = I  
GO TO 7 
W t i I Z l = W H I 2 F  
IF [ K C C o E Q - l )  WCC=WC 
I F  [ A B S ( W W I Z l - W C ) . G T . A B S ( W H I C - W C C ) )  GO TO 11 
RTEzRTE-• 125 / 12.0 
W H I C = W H I 2 1  
WCC-wc 
KCC=O 
GO TO 5 
R T E = R T E + l . Q / 1 2 e O  
WH I C=O 0 
K C C = 1  
wcc=wc 
K R T t = K R T E + l  
I F  ( K R T E e G T . 3 0 )  GO T O  36 
GO TO 5 
CALL. ?DOT ( ~ H I 2 ~ W H I 2 l r R H R T I 1 s R H ~ T I 2 ~ W C ~ R H ~ T I I T T I , P T I ~ G A M M A , C P ~ W F , R  

1 1 VU I 9 V I , R T I e RH I s R H  1, R A P S  .C I s VX I 1 
U I  ( l ) = R T I * R A P S  
U I  I 2  ) = R M I  *RAPS 
U I ( 3 ) = S H I * R A P S  
AR= ( R T  I / R T E  1 +*2 
GO T O  2 8  
F I R S T  STAGE 
D H  ( l.1) = W S I Y 1 *OH T 

R T I K = R T I  
ARLS=AR 
P T E = P T I / P C  
l T E = T T I  
l T I = T T E + O H I N ) / ( C P * C J )  

P T E l = P T E  
T T E  L = T T E  
T T I  I=T'TI 
P T I  l=PT I 
F I R S T  S T A G E  E X I T  
RMF =RM I 
F I R S T  ASSUMED M E A N  E X I T  W H I R L  

VUE4=VUE M 
GO TO 1 5  
SECOND ASSUMED MEAN E X I T  W H I R L  

k I W E H 2 = l o - R E  ( N 1 

PTI=PTF/((lo-~H(N)/(CP+TTI+CJ+ETA1N)))+*tGAMMA/(GA~~A-lo~)))*PC 

V U E M = O . f * S Q R T ( 2 o O + G * G A P M G t R + T T F / ( G A M M A + l - G ) )  

V l I E ~ ~ = ( - o 4 ) + S O R T ( 2 o O * G * G A ~ M ~ ~ R * ~ ~ ~ / ( G A M N A + l ~ O ~  1 
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15 

16 

17 

C 

18 

19 

20 

2 1  

22 

23 

CE-VUE H*RME 
AR=ABLS 
GO TO 1 7  
I F  ( A R o E Q o l o l )  GO TO 3 7  
AR=AR+ 01 
IF I A R o G T . 1 * 1 )  A R = l o 1  
R T E = R T I R * S Q R T ( A R )  
RHE=2.0*RME-RTE 

VUE ( 1 I = C E / R T E  
VUE ( 2 )  =VUEM 
VUE (31  = C E / R H E  
U E ( Z ) = R T E * R A P S  
U E ( Z ) = R M E + R A P S  
UE I 3  1 =RHE+RAPS 

A E = 3  1 4  16 * ( RTE*+2-RHE * *2 1 

I F  ( A B S ( V U E ( 1 )  ) . L T . 0 * 5 )  V U E (  1)=0.0 
IF ( A B S ( V U E ( 2 ) 1 . L T . 0 . 5 )  V U E ( 2 ) = O o B  
IF ( A E S t V U E ( 3 )  ) o C T o 0 . 5 )  V U f ( 3 ) = C t o O  
C A L L  DENR 
I F  ( V X E . G T . V X E I * S Q R T ( 1 . O c G A M M a + G + R t T T E / ( G A M M A + l o ~ ) ) )  GO T U  16 
CALL VXR ( V U E ~ V E I V X E ~ ~ F ~ T T E , P T E I G I G A M M A I C P I R I R T E , R ~ ~ T ~ ~ ~ I  
W U E ( 3 ) = V U k ( 3 ) - U E ( 3 )  
W E 2 1 3 ) = W U E ( 3 ) * * 2 + V X E * * 2  
F I R S T  S T A G €  I N L E T  
C I = I G * D H ( N ) + R A P S + C E ) / R A P S  
RM I =RME 
GO T O  1Y 

( V X E  ,G,GAMMATCP* R, TTE, P T E v V U E  ( 2  1 T WF9 AE,RkIOM 1 

IF (AR.EQo1.1) GO TO 3 7  
A R = A R + o O l  
IF ( A R o G T o l o l )  ARZ1.1  
RTI=RTE+SQRT ( A R )  
R H I = 2 . 3 * R M I - R T I  
AI=3.1416+IHTI~+2-RHI**2 1 
VUI( 11=CI/RTI 
VU1 ( 2 ) = C I / R M I  
VU1 ( 3 ) = C I / R H I  
C A L L  DENR 
I F  1 V X I ~ G T ~ V X I I + S Q R T 1 2 . O a G A M M n + G + R + T I I / ( G A M ~ 4 + 1 ~ 0 ~ ~ ~  GO TO 18  
C 4 L L  VXR { V U I , V I ~ V X l ~ W F ~ T T I , P T I , G ~ G A M M A , C P ~ R ~ R T I , R M I ~ R H I )  

( V X I  ~GTGAMMA,CPT R, T T I  9 P T  [ #VU1 (2) WF, A I  * RHOM 1 

U I  ( 1  J = R T f * R A P S  
U I  ( 2  ) = R M I + R A P S  
UI ( 3 1 = R H f + R A p S  
W U I  (31=vuI  ( 3  1-UI t 3 )  
W I 2 ( 3 ) = W U I ~ 3 ) * * 2 + V X I * * 2  
k I H t 2 1 = W I 2 ( 3 ) / W E 2 1 3 )  
I F  ( K O D E . E Q * l )  GO TO 26 
I F  (VUEMoEQ.VUE4)  GO T O  20 
GO T O  2 1  
W I W C 2A = hi I WE2 1 
VUE %A= VUEM 

b I WE22 = W I WE2 1 

I F  (WIWE2A.EQ.WIWEHZ)  GO T O  28 

I F  ( W I W E 2 2 . L T o k I W E H 2 1  GO TO 24 

GO TO 35 

GO T O  1 4  

I F  ( W I W E 2 A o t i T o W l k E H 2 )  GO T O  22 

I F  [ W I W E 2 A . L T o W I W E H 2 )  GO TO 23 

I F  ( W I W E 2 2 o E Q . W I W E H 2 )  GO T O  28 

I F  (WIWE22.GToWIWEH2)  GO T O  24 
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IF ( W I W E 2 2 . t Q o W I W E H 2 )  GO TO 28 
GO TO 3 5  
HA = VUE M- V U EM A 
HAN=HA 
VUE A=V L I  E MA 

25 A B = W I W E H Z - W I k E i A  
C B = W I W E 2 2 - h I W t 2 A  

H=AR/CB+HAN 
VUE f.’ 1 =VIJE A+H 
\ r U E V = V U E M l  
KODE=L 
GO TO 15  

24 

I F  ( A B S ( H A N ) . L T o O o 0 0 0 1 )  I-!AN=O.O 

26 IF ~ A 6 S ~ W I W E 2 i ~ W I W E H 2 ~ ~ L f . ( A B S ~ W I W E 2 2 - W I W E 2 2 ~ W ~ W E 2 A ~ * ~ O O O l ~ ~  GO T O  28 
I F  ( A B * ( W I W E 2 l - W I W E H 2 ) . L T o ~ o ~ )  GO TO 27 
HAN=H 
h I k f 2 2 = W I W E 2 1  
GO TO 25 

h I  WE2A=W I W E 2 1  
V U E A = V U E H l  
GO TO 2 5  
M I  NE=M I N E +  1 

27 HANZHAN-H 

28 
V C R E = S O R T I 2 . + G o G A r M A + R * T T E / ( G A ~ M A + L o ~ )  
V C R I = S 3 R T I 2 o O * G * G A P ’ M A o R + F T I / ( G A M M A + l ~ O ) )  
V X I V = V X I / V C R I  
VXEV=VXE/VCRE 
R A E ( l ) = R T E + 1 2 . 0  
R A E I Z ) = R M E * 1 2 . 0  
R A E ( 3 l = R H E * 1 2 . 0  

R A I ( Z ) = R M 1 + 1 2 . 0  
R A I  ( L ) = R T I + l Z o O  

R A I ( 3 ) = R H I + i 2 . 0  
I F  t M I  NE. E Q o  11 H E R  ( 2  = R A E (  1) -RAE ( 3 1 
I F  ( M I Q E e E Q . 1 1  H I R ( 2 ) = R A I ( J . ) - R A I t 3 )  
I F  (MINE.EQ.21 H E R t l  ) = R A E (  1)-RAE(3) 
I F  ( M I V F o E Q e 2 )  H I K ( l ) = R A I (  l I - R A I ( 3 )  
I 6  (MINE.EQ.2) R A T ( 1  ) = R A  I (  1 )  
I F  (MINE.  EQ.2) R A H (  1)  =RA I (  3 1 
B H S ( l ) = H I R I l )  
f 3 l - h ( L ) = ( H E R t l ) + H I R ( l )  J /Z .  
BHS(2)=(HfR(2I+HER(l))/2. 
8HR(2)=(HER(2)+HIR(2))/2. 

W U E ( I ) = V U E ( I I - U E f I )  
W E 2 ( I ) = W U E ( I  ) * + 2 + V X E * * 2  

DO 29 1 ~ 1 . 3  

@ A E I I ) = A T A N 2 ( W U E ( I l r V X E ) + 5 7 , 2 9 6  
VAEII)=ATAN2(VUE(l)rVXE)*57o296 
VEVCR(f)=SQRT(VE(I))/VCRE 
U E V C R (  I ) = U E (  I l / V C H E  
T R T E ( I ) = T T E - V E ( 1 ) / ( 2 . O * G * C J o C P ) + W E 2 ( 1 ) / ( 2 . O ~ G * C J * C P )  
W C R E ( I I = S Q R T 1 % . O * G + G A M M A + R I T R T E ( I ) / ( G A M M A + ~ o ~ ) )  
kE~CR(I)=SQKT(WE2(I))/WCRE(II 
W U I  ( 1 )  =vu1 I r 1-UI  f I )  
w I 2  f I )  =wui ( I 1 + * 2 + V X I  +*2  
R A I ( I ) = A T A N Z ~ k U I ~ I ~ r V X I ) * 5 7 . 2 9 6  
V A I ( I ) = A T A N Z ( V U I t I ) r V X I ) + 5 7 . 2 9 6  
V I V C R f  I ) = S Q R T ( V I ( I ) ) / V C R I  
U I V C R l  I ) = U I  ( I  ) / V C K I  
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34 



34  

3 5  

3 6  

3 7  
3 8  
3 9  

C 
C 
4 0  
4 1  

4 2  

4 3  

4 4  

4 5  

4 6  

4 7  

4 8  

4 9  
50 
5 1  
52 
5 3  
5 4  
55 
56 
57 
5 8  

5 9  

60 
6 1  
6 2  
63 
64 
65 
6 6  

6 7  

6 8  

T P P M T P I S ) = G R A T * ( 2 . * T P P C U O + T P P C V U ( S ) - T P P C U t ~ ~ * T P P C U ( 5 ) )  
hNz.4-1 
I F  (NY.GT.0) GO TO 3 4  
GO T'fl 38 
N=N- 1 
GO TO 1 3  

GO TO 3 8  
WRITE (6,771 

WRITE 1 6 1 7 8 )  

WRITE ( 6 t 7 9 )  
GO ro 3 8  

CON r IYUE 
CONTINUE 
CALL SURC 
GO TO 2 2 2 1  

FORMAT ( 1 H  r38HVELOCITY UIAGRAMS +++***+,*++*****,+++,/) 
FORMAT ( 1 H  , ~ H T C I = ~ F ~ * ~ ~ ~ ~ X T ~ H C U R R F = T ~ ~ . ~ ~ ~ ~ X ~ ~ H C O K ~ F W = ~ F ~ ~ ~ ~ € ~ X ~ ~  

FORMAT ( 1 H  T ~ H ~ = T ~ ~ ~ ~ ~ ~ ~ X T ~ H Y ~ = ~ F ~ ~ ~ ~ ~ ~ X ~ ~ H T T O ~ ~ F ~ ~ ~ ~ L ~ X ~ ~ H P T O ~ ~ ~ ~  
lHFAR=, F8.3) 

1.2)  

l t F 8 - 3 )  

1)  

1 1 = r  F 8 -  3 1 

FORMAT ( 1 H  ~ ~ H R P M ~ ~ F B ~ ~ ~ ~ ~ X ~ ~ H D R T ~ = ~ F ~ . ~ T ~ ~ X ~ ~ H W O = ~ F ~ ~ ~ T ~ ~ X ~ ~ H ~ H T ~  

FORMAT ( 1H r 4 H R T E = r F 8 * 3 r  17XthHRHRTE=*F8o 3 9  ~ ~ X T ~ H N = . I ~ ~ ~ ~ X , ~ H N K = ,  I 3  

FORMAT ( 1 H  ~ ~ H N V U M = , I ~ ~ ~ ~ X ~ ~ H N R T € ~ ~ ~ ~ ~ ~ L X ~ ~ H W S ( ~ ~ ~ V F ~ ~ ~ ~ ~ ~ X ~ ~ H ~ S ~ Z  

FOKYAT ( 1 H  ~ ~ H G A M M A = ~ F ~ ~ ~ ~ ~ S X I ~ H C P = ~ F ~ ~ ~ T ~ ~ X ~ ~ H H ~ ~ F ~ ~ ~ ~ ~ ~ X ~ ~ H P ~ ~ ~ F  

FORMAT ( 1 H  ~ 5 H E T A T = ~ F 8 . 3 , 1 6 X r 7 H E T A ( l l = r F 8 . 3 . 1 4 X 1 6 H R E ( l ~ = r F 8 . 3 ~ 1 5 X r  

FORMAT ( 1 H  ~ ~ H V U M V C R = T F ~ ~ ~ ~ P ~ X T ~ H V X E L - ~ F ~ ~ ~ ~ ~ ~ % ~ ~ H V ~ E I = ~ F ~ ~ ~ T ~ ~ ~ ~ ~  

18.3 I 

16HRE(2 )= rF8 .3 )  

lHVXI I= ,F8 .3 )  
F O R Y A T  ( 1 H  rSHVXCL=rF8.3) 
FOKYAT {lti r12HINPUT DATA++) 
FORMAT (13) 
FORMAT (F12.612F6.4) 
FORYAT 1 3 F 1 2 o 6 )  
FORMAT (8Fh01,41Z) 
FORMAT I 1 2 F 6 , l )  
FORMAT (4F6.3)  
FORMAT ( ~ H ~ ~ ~ O X , S H C A S E = T  1311 J 
FORMAT ( 1 H O t l 4 H  LAST STAGE N = T ~ ~ ~ ~ X , ~ ~ H W O K K  S P L I T = ~ F ~ . ~ ~ ~ X I J . L H € F F I  

lCIE;dCV=, F60  3 r  3x1 9HREACTION=r F6.3, / 1 
FORMAT ( 1 H 3 r 1 5 H  F I R S T  STAGE N=r12 r3XT l lHWORK SPLLT=rF6.3r3X,LlHEFF 

l I C I f N C Y = r F 6 o 3 , 3 X r 9 H R E A C T I O N = r F 6 . 3 t / )  
FORMAT ( 1 H  s30HINLET C E N S I T Y  A T  HVE,MEANrTIP=r jF13.3)  
FORMAT ( 1 H  t 2 9 H E X I T  DENSITY AT H U H , C E A N T T I P = , ~ F ~ ~ . ~ )  
FORMAT ( 1 H  r 3 7 H E X I T  S T A T I C  PRESSURE AT H U R I M E A N T T L P = ~ ~ F ~ O . ~ )  
FORMAT,  ( 1 H  e 38HINLET S T A T I C  PRESSU9E A T  HUR ,MEAN*TIP=, 3F 10.3 1 
FORMAT ( 1 H  v 4 I H I Y L E T  STATIC TEPPERATURE A T  H U B T M E A N I T I P = T ~ F ~ C . ~ )  

FORMAT ( 1 H  r46HINLET TOTnL RELATIVE PRESSUQE A T  H U E T M E A N T T I P = ~ ~ F ~ O  
.FOR'4AT I 1 H  r 4 0 H E X I T  STATIC TEMPERATURE A T  ~ U ~ T M E A N V T I P = ~ ~ F L ~ ~ ~ I  

1.31 
FOKivIAT ( 1 H  145HEXIT  TOTAL I IELATIVE PRESSURE AT H U B T M E A N I T I P = ~ ~ ~ - ~ O ~  

1 3 )  

1F10.3) 
FORMAT ( 1 H  p49HINLET TOTIL  RFLATIVE TEMPERATURE A T  H U B , M E A N T T I P = ~ ~  
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69 

70 
71 
72 
73 
74 

75 
76 
77 

78 
79 

FORMAT I 1 H  r 4 8 H E X I T  TOTAL RELATIVE TEMPERATURE AT HUBrMEANpTIP=,3F 
110.3)  

FORMAT (1H r24HINLET TOTAL TEMPERATURE=rF12*3) 
FORMAT ( 1 H  21HINLET T O T A L  PRESSURE=rF12.3) 
FORMAT f1H r 2 3 H E X I T  TOTAL TfPPERATUX€=+F12m3) 
FORMAT I 1 H  r 2 0 H E X I T  TGTAL P R E S S U K f = r F l 2 * 3 )  
FORMAT ( ~ H ~ , ~ X * ~ H R A O E , ~ X , ~ H ~ A E , ~ X , ~ H V A € ~ ~ X ~ ~ H V E V C ~ ~ ~ X T ~ H U E V C R , ~ X , ~  

l H W E ~ C R ~ S X ~ 4 h R A D 1 ~ 6 X ~ 3 ~ B A I ~ 7 X 1 3 h V A t , 7 X ~ 5 H V f V C ~ ~ S ~ ~ 5 H U I V C R ~ 5 X r 5 H W I ~ C  
~ R * ~ X ~ ~ Y V X I I ~ X T ~ H V X E )  

FORMAT ( l k i  r F 8 ~ 3 ~ 2 F 1 0 ~ 3 r 3 F 1 0 ~ 4 r 3 F L O . 3 r 3 F 1 0 ~ 4 ~ 2 F 6 . 3 )  
FORMAT 
FORflAT ( 1 H 0 1 6 2 H  VUE ITERATICIN- NO SOLUTION- CHANGE RHRT OR EXTEND 

( 1H 3 28x1 3F  10 4 I 3:X , 3 F 10 e 4 1 

l V U E  L I M I T S  1 
FORMAT ( l H O * 4 7 H E X I T  T I P  OIAMETEK MUST BE CHANGED. NO SULUTION.) 
FORMAT ( 1 H 0 8 2 6 H  AREA HAT IO GREATER THAN 1) 
END 

6 IBFTC ROO 

SUBROUTINE ROOT ( W H ~ ( H H ~ I ~ R H K T L . R ~ ~ R T ~ , Y C ~ R H R T ~ T T ~ P T ~ G A H I C P ~ W F ~ K ~ V U  

DIMENSIGN VU(20)r V(20)r U ( 2 0 )  
G=32 1 7  
HA= RHRT 2-RHRT 1 
HAN=HA 
RALT=RHRTl 

C=WH21-WH2 

H=AB/C+HAN 
RHK T=RALT+H 

R T = S Q R T ( A / ( 3 . 1 4 1 6 s ( l . O - R H R T + + 2 ) ) )  
RH=K T+RHRT 
VU( 1 1 = C I / R T  
VU ( 2 1 = C  I / R M  
VU( 3 ) = C I / R H  
GAP M A =  G A M  

1 r V *  ST, RM* RHt RAPS ,C I , V X  1 

1 BB=WC-WHZ 

I F  (ARS(HAN).LTeO,OOOCOl) HANSO-0 

A=3.1416+4~0+RM++2+( l .O-KHRTI/ (  leO+RHRT) 

CALL DENR (VX,GeGAMMApCPtRrTTrPTrVU{2)ehFrA,RHOM) 
C A L L  VXR t V U * V q V X r W F e T T v P T r G * G A M M A r C P q R * R T g R M t R H l  
U[ 3 )=RH+RAPS 
WH I 2 = (  \IU 1 3 1 -U ( 3 1 1 * +2 + V X * 12 
IF ( A B S ( I W H 2 1 - W H 2 ) + . 0 0 1 ) . L f . C I 0 9 )  GO TO 2 
I F  ( A B S (  WHIZ-h’C 1 eLE*ABS( h H Z l - W H 2 ) + - 0 0 1 )  RETURN 
GO T O  3 

2 I F  (ABS(HH12-WC).lEeO.O9) RETURN 
3 I F  (AB+(WHIZ-kC).LTeOoO) GO TO 4 

HAN=H 
WH2 1=WH I 2  
GO TO 1 
H AN = HAY -H 
WHZ=WH I2 
RALT=RHRT 

END 

4 

GO ro  1 
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§ I B F T C  R H q T  

S U B R O U T I N E  K H R T 2  ( R H R T I l r G A M M A I C P I G ~ R I T T I I P T I 1 W F I R C I . C I . t )  
COPPON V X I L  
D I P E N S I C N  V U 1 1 3 1  
GO T O  2 
RHR T I 1 z R H R T  I 1-. 02 
I F  ( R H R T I l o E Q e O o )  V X I L = V X I L + o O l  
IF t R H R T I l . E Q e O o 1  RETURN 1 
A I ~ 3 o 1 4 1 6 + 4 ~ 0 ~ Q M 1 + + 2 * ~ 1 o ~ ~ R H R T I l ~ / ~ l o O + R H R T I l ~  
H T I = S O R T ( A 1 / ~ 3 o 1 4 1 6 + ( 1 o ~ ~ R H R T I 1 , + 2 ) 1 )  
R H I = R T I  *RHRT I 1  
VU1 ( 1) = C I  / R T I  
V U 1  ( 2 ) = C I / R M I  
V U I t 3 ) = C I / R H I  
C A L L  DENR ( V X I ~ G ~ G A M M A ~ C P ~ R ~ T T I I P T I 1 V U f o 1 W F I A I 1 R H ~ M ~  
I F  ( V X I o G T o V X I L + S Q R T ( Z o O ~ ~ A ~ M A * R ~ ~ * T T I / ( G A M M A + l . O ) ) )  GO T O  1 
RETURN 
E N D  

I I B F T C  D E N  

S U B R O U T I N E  OENR ( V X I G T G A ~ ~ C P , R , T T , P T ~ V U M , ~ F ~ A ~ R H O M )  
V X = O o 7 @ S Q R T ( 2 o 0 * G A M + R + G + T T / ( G A M + 1 . 0 ) )  
V X l = V X  
c J ='7 7 a * 

T = T  T-VH/ ( 2.O*G*C J*CP I 
I F  ( T o L T o 0 . Q )  RETURN 
P=P T *  I T / T T 1 ** ( GAM / (GAP- 1 -0 1 1 

1 VM=VUM**2+VX**2  

R H O M = P / ( S + T )  
V X = w F / { R H O W * A )  
IF (ARS(VX/VXl-I~O~.LT~O.OOl) RETURN 
V X l = V X  
GO TO 1 
END 

L I B F T C  VX 
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1 & + 2 - R H E + + 3 ) / 2 o ~ ) + F A R C + ( ( R T E + , 4 - R H E + + 4 ) / 4 . - ( R ~ E + R H E ) ~ ( ~ ? E * * 3 - R H E ~ ~ 3  
2 ) / 3 o O + R M E + R H E + ( R T E + * 2 - R t i E * * 2 ) / 2 o O )  

VX=hF/ ( 2 o O * 3 ~ 1 4 1 4 + H T  I N T I  
I F  ( A B S  ( V X / V X l - l . O  )e LT.0-0005) RETURN 
V X l = V X  
GO 10 1 
END 

$ I S F ? C  M A X I  

1 

2 

3 

4 

5 

6 
7 

8 

9 
10 

11 

12 

13 

14 

15 

38 

S U B R O U T I N E  M A X I M  I WA p k A M A X v  W T F L ?  INOpTOLER) 
D I M t N S I O N  S P f t D ( 3 ) .  W E I G F T ( 3 1  
GO ro 1i,3,5.i4,~31~ I W  
JUMP=]. 

S P E E D (  1 ) = W A  
WE I GHT ( I. 1 = W T Fl 
W A =  h AM A X 
IND=2 
RETURY 
S P € E D (  3 ) = M A  
W E I  ; H T ( 3 ) = W I F L  
W L = n A Y A X  
IY0=5 
RETURY 
S P E E D (  3 )=WA 
W E I G H T ( 3 ) = W T F L  

I F  I W A M A X o L T o h A )  GO TC 2 

W A = ( S P E F D ( l ) + S P E E D ( 3 )  1 / 2 0  
I F  I(SPEED(~)-SPEtD(l)).LT,TOLEK) GO TO 24 
IND=3 
RETURN 
SPEED( 2 ) = W 4  
W E I G H T ( Z ) = W T F L  

IND=4 
I F  ( W T F L o L F o W E I G H T ( l 1  . O R o W T F L o L f . W E I G H T ( 3 )  1 GO TO 1 2  

IF 1 W E I G H T ( 3 ) - W E I G H T ( l ) )  8,997 
W A = ( S P E E D ( 1 ) + S P E E D ( 2 )  ) / 2 0 0  
RETURN 

RE TURN 
G O  TO ( 1 0 , 1 1 ) e J b M P  
JUlnP=2 
GO TO 7 
J U M 3 = 1  
GO 10 8 

WE I GHT ( 3 1 =W TFL 
S P E L O (  3 ) = W A  
GO T O  4 
WE I GHT t 1 1 = W  T F L  
S P E E D (  1 ) = W A  

W A = ( S P E E D ( 3 l + S P E E O 1 2 1 ) / 2 . 0  

I F  ( W E I G H T ( ~ 1 o G T . ~ E I G ~ T ( l ~ )  GO TU 13 

GO ro  4 
I F  ((SPEEO(3)-SPEEU(l)).L?.TOLEK) GO TO 24 
I F  ( W T F L - h t I G H T ( 2 )  1 13p21r15 
I F  ( W A - S P E F D I Z )  1 1 7 r 1 4 r l h  



16 

17 

18 
19 

20' 

21 

22 

23 

24 

S P C L D (  1 )=SPEED(2) 
S P t E D ( Z ) = W A  
WEISHT(l)=dEIGHT(Z) 
M E  I T H T  f 2 1 =WTFL 
GO TC! 6 
SPEED(3)=SPEEU(Z) 
S P E f D !  2 1 = & A  
WEIGHT ( 3)=WE IGHT(2 1 
WEIGHT121=WTFL 
GO f 0  6 

WEIGHT(3)=WTFL 
SPEFD(3)=WA 
GO T O  6 
WEIGHT(l)=kTFL 
SPEED[ 1 I=WA 
GO TO 6 

SPEECI 3 )=SPtED(2 1 
WEIGHT(3l=WEIGHT(2) 
GO r0 5 
SPEFD(l)=SPE€D(Z) 
WEIGHT! 1 )  =WE IGHT(2) 
GO f O  5 
SPftOt 1 l=WA 
I.iEIGHT( 1)=WTFL 
GO T O  4 
INO=6 
RE TURY 
END 

I F  (WA-SPEEO(2)) 20r11,19 

IF {WAoGToSPEED(2)) GC T O  22 

SIBFTC SUR 
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8 2 M l L )  ~ 3 8 .  h 
P S I  M [  1 ) = I  e 1 
R 2 M  l 2 1  = lo .  
P S I  W(2 1 =. 26 
CON T I YIJ E 

1=8 
J= 3 
L B (  i ) = I  
L R  ( 2  ) = J  

1 
C REAL' I N  DATA FOR F I G U R E  5 

QEAU 1 7 )  ( B X ( K 1 1 1  r K = l r I  I 
REAO ( 7 1  ( B X ( K , 2 1 s K = l . J )  
READ ( 7 1  ( ( B V  ( K rL r L = l r  J 1 m K = l v  I 1 
C A L L  L I N T  (BZS(l),NPTSB,B2MfPSIflrPSIMS(l)) 

C A L L  LINT ( B 2 S [ 2 ) * N P T S B r H 2 M , P S I M 1 P S I M S o )  
PS I pR( 2 )=1  

P S I S l (  1 )=.4C 
P S  1514 2 ) = I .  
D A S  1 ( 1 1 ~ - 3 3 .  
DAS 1 (2 1 =lo .  
PS I 52 I 1 I = -  40 
P S I S 2 4  2 e l .  

DASL ( 1  1 =-18.5 
D A 5 2 ( 2 ) = - 2 . 5  

P S I W R t  I. ) = I .  

C R E A 0  I Y  DATA FOK F I G U K E  4 A  

C REAG I V  D A T A  FOR F I G U R E  48 
P S I R l l l  ) = e 6 0  
P S I S 1 1  2 ) = l e  5 
DAR i 4 1 1 =-14 
DAR 1 ( 2 I 510.5 
P S I  c i 2 t  1 )=. 70 
P S I 9 2 ( 2 ) = l . l  
D A R C I 1 ) = - 9 .  
DAR2(21=-6 .  
C A L L  L I Y T  { P S I ~ S ( 1 ) 1 2 r P S I S l r D A S l r D A L P A S ( l ) )  
C A L L  L I N T  ( P S I M S ( 2 ) r 2 r P S I S Z r D A S 2 r D A L P A S ( 2 ) )  
C A L L  L I N T  ( P S I  V K (  1) t 2 t P S  I R 1  O A R l r  D A L P A K  ( I )  1 
C A L L  L I N T  ( P S X ~ R ( 2 ) , 2 1 P S I R 2 , O A R 2 , D A L P A R ( 2 ~ )  
DO 6 1 ~ 1 1 2  

5 

6 

7 

A L P H A S (  I )  = A L P H L S l  I ) + D A L P A S  ( I I 

A L P H A R (  I ) = A L P H L R (  I ) + D A L P A R (  I I 
DO 7 I = 1 1 2  

X C L C X S (  l ) = R J T L ( D B L r A L P H A S (  1) 1 
X C L C X K I  1 l = R V T L  ( D D Z * A L P H A H (  1 )  I 
X C L C X S ( 2 ) = P V T L ( D 8 3 ~ A L P H A S ( 2 1  1 
X C L C X R ( 2 ) = B V T L ( D R 4 f A t P H A H o )  
X C L C X S l  1 ) = 1 . 0 5 6 + X C L C X S f l )  
A R S (  1)=2, 
A R R (  1113. 
A R S ( 2 ) = 3 e  
ARR ( 2 )  = 5 .  
F A C = l .  

8 C X S ( L ) = R H S ( l ) / ( A R S ( l ) + F A C )  
I F  ( C X S  ( 1  1 o i l ,  1. I FAC=FAC-. 1 
I F  I C X S ( 1 1 o L T . l e )  GO T O  8 
C X R ( l ) = B H R ( l ) / ( A R R ( l ) t F A C )  
I F  ( C X R 1 1 ) o L T . l . )  FAC=FAC- . l  
I F  ( C X P ( 1 ) e L T . l . )  GO T O  1. 
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9 

10 

11 

1 2  

1 3  

24 

15 

16 

1 7  

18  

C 
C 
19 

2 0  

21 

2 2  
23  

2 4  
25 
26 
2 7  
2 8  

FORMAT ( l H 1 , 5 4 H I N I T I A L  SURFACE AREA CALCULATIONS ***************** 
I*+*, / /  1 

1 3 )  

1) 

-FORPAT ( 1 H  ,sYHBLADE C A M B E R  LENGTH T O  CH17RD LENGTH RATIO FOR ROWS 

FORMAT ( 1 H  ,45WBLADE ENTERING ANGLE-BETA 1-FOR ROWS l r 2 r 3 , 4 = r 4 F 1 2 .  

FORMAT ( 1 H  944HBLACE LEAVING ANGLEeCfTA 29FOR ROWS l r 2 ~ 3 r 4 = r 4 F 1 2 . 3  

FORMAT ( 1 H  ,43HBLADE CAMBER ANGLE9PHIrffJf3 ROWS l r 2 ~ 3 ~ 4 ' r 4 F 1 2 . 3 )  

1 1 ~ 2 r 3 ~ 4 = t 4 F 1 2 * 3 )  
FORYAT ( L H  p3OHAXIAL C H O R D S  FOR R O k S  i r 2 r 3 ~ 4 = r 4 F 1 2 * 3 1  
FORMAT ( 1 H  136HSINGLE BLAOE AREAS FOR ROWS l r 2 , 3 , 4 = r 4 F l 2 . 3 )  
FORMAT (1H *ZJ t IP ITCH FOR R O W S  L q 2 t 3 r 4 = r 4 F 1 2 * 3 )  
FORMAT ( 1 H  926HCEAN R A D I A L  CIRCUMF~KENCE=rF12.3)  
FORMAT ( 1 H  ,33HNUMBER OF BLADES I N  ROWS l r 2 * 3 ~ 4 = ~ 4 F 1 2 . 0 )  
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29 FORMAT ( 1 H  f42HTOTAL BLADE SURFACE AREAS I N  ROWS 1 , 2 r 3 ~ 4 = , 4 F 1 2 . 3 )  
30 FORMAT (2151 

3 2  FORMAT ( 1 5 )  
31 FORMAT 4 8F1O 1 1  

3 3  FORMAT (2FJ.204) 
END 

Sf6FTC BVD 

C 
C 
C 

C 

C 

1 
2 

3 

4 

F U N C T i  ON BVTL { V i  T V2 1 
COMCON /BVE/ S V (  1 0 1 1 2 )  r A U ( 2 1  p L B ( Z ) r X ( 2 )  
DIMENSION BX( 10.2) 
EQUIVALENCE ( B X , B V ( l , 1 1 ) )  

B IVARIATE INTERPOLATION FOUR P O I N 1  FORMULA 

C 
C 
5 FORMAT I l H l r 2 7 H B I V A R I A T E  INTERP ERROR V 1 =  vE lO.2*5H V 2 =  ~ € 1 0 - 2 )  

END 

L IBFTC DLiNT 

SUBROUTINE L I N T  (XXfNTAB,XTAB,YTABvYY) 
D I M E U S I O N  X T A B (  1) 9 YTAR( 1) 
DO 2 NxZrNTAE 
I F  (XX-XTAB(N1)  i r l v 2  

1 N2=N 
Nl=;d-l  
GO TO 3 
CON T I NU E 
h12 = M T A B 
h l l = Y 2 - l  

2 

3 f F  ( Y T A B ( N l ) - Y T A B ( N Z ) )  5,485 
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B I B F T C  COCIL D E B U G  
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T P Z = T C  I 
NST AGE = 2 

5001  W9ITE(6941)  

2 

3 

4 

5 

6 

7 

8 
C 

9 

10 
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11 

12 

C 

13  

1 4  

1 5  

1 6  

1 7  

18 

1 9  

C 

46 



V O V C R l  I ) = V I L C I  ( I  ) / V C R (  I )  
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27 

28 

29 

30 
300 

302 

69 

C 

6000 

WCW ECT=O . 
kCkECT=WCWECT+WCWEC( I 1  
C O N T I N U E  
00 28 I= l ,NROWS 
W R I T E  (6953) I t W C W E C f  I J  
CONT I N U  E 
R T C I = R + T C  I 
W R H O l l  1 =WPSTAT(  11 / R T C  I 
W R H U 1 2 ) = W P S T A T ( Z ) / R T C I  
W R H 0 ( 3 ) = W P S T A T ( 3 ) / R T C I  
W R H O ( 4 ) = W P S T A T ( 4 l / R T C I  
W V f i X ( l ) = V X I 1 / 2 *  
WVE X ( 2 1 =VXE 1/2. 
k V E X ( 3 ) = V X I 2 / 2 .  
h V E X 4 4 ) = V X E 2 / 2 o  
W C W T I l )  =WCWl I. 1 
DO 29 1 ~ 2 9 4  
WCWT( I )=WCWT( 1-1 I+WCW f 11 
DO 30 1 ~ 1 9 4  

00 27 I = l t N R O k S  

W ~ A ( I ) = ( W C W T ~ I ) / ( W R H O ( I ~ ~ W V E X ( I ) ) ) x 1 4 4 ,  
WANYAt I ) = X M R C * E H ( I  1 
WBH(I)=BH(I)+(WANNA(I)+WDA(I))/WANNA(I) 
C O N T I N U E  
I F ( N W C o E Q o l ) W C W ( l ) = O * O  
I F  ( NWC. EQ. 1 WCW t 2 l = O  0 0 
I F (  YWCo E Q o  1) WCW(3J)=OoO 
I F ( N W C o E Q o l ) W C W ( 4 ) = O o O  
T T W F t 2 ) = T W F ( 2 ) + W C W f l )  
TTWF(3)=TWF(3)+kCW(i)+WCW[21 
TTWF (4) =TWF ( 4  J +WCW (1 1 +WCW ( 2) +WCW ( 3) 
T T W F t S ) = T W F ( 5 ) + W C W ( l ) + W C k O + W C W o + W t W ( 4 )  
W R I T E ( 6 + 9 0 0 O ) T T W F ( 2 ) t T T W F ~ 3 ~ , T T W F l 4 ) , T T W F ( ! j )  
I F ~ Y W C ~ E Q ~ 1 ~ W R f T E ~ 6 t 6 4 ~ B H o r 8 H ~ 2 ~ t B H ~ 3 ~ t B H ~ 4 ~  
i F ~ N W C ~ E 8 ~ 2 ~ W R I T E ~ 6 r 6 5 ) W B H ( l J ) ~ W 6 H ( Z ) t W 8 H ~ 3 ~ t W B H ~ 4 ~  
YB=WCTIWE 
Y W =  WCW E C T  
I F I N W C o E Q * l ) Y U = O o  
Y=Yjr+YB 
HRI TE 
I F  ( NWCO EQ. 1) W R I T E  ( 6 t  62 1 T PN ( 5  ) 
IF(NWC.EQ.1)GO T O  302 
WTP~=(TPN(S)*TWF(S)+TCI+WCWECT+WECT~WE)/f lWF(5)+WCW~CT*WE) 

C O N T I N U E  

( 61 66 1 V X I  ( 2 )  t V X E (  2) t V X I ( 4 )  w V X E ( 4 )  

W R I T E  (6963)  WTPE 

W R I T E  16167) H G f l ) t H G ( 2 ) r H G ( 3 l r H G ( 4 )  
W R I T E  (6,681 V C R ( 2 ) r V C R ( 3 ) r V C R ( 4 ) t V C R ( 5 )  
W R I f E ( 6 + 6 9 ) W C K f 2 ) t W C R ( 3 ) . W C R ( 4 ) t W C R ( 5 )  
FORMAT (1H , 5 4 H C R f T I C A L  R E L A T I V E  V E L O C I T I E S  A T  E X I T S  O F  R O k S  2 ~ 2 t 3  

W R I T E  16.54) 
1 t 4=14F 12.3 1 

COMPUTE V A L U E S  FOR R E R U N  IF NECESSARY 
T E S T C (  I T T  1 =ABS ( Y 1  - T E S T Y  

F O R M A T ( 1 H  *54HTHE L A S T  SET O F  OUTPUT C O N T A I N S  THE CONVERGED SOLUTI 

I F ( T E S T C 1  ITT) .LE . .OOlO)STOP 

I F ~ T F S T C ( I T T ) ~ L E ~ ~ 0 0 1 0 ~ W R I T E ~ 6 ~ 6 0 0 0 ~  

1 C N  1 

I F ( I T T - E Q . 1 )  G U  TO 3 1  
IF(A5S(TESTC(ITT)oTESTC( I T T - 1 )  ~ o t T o o 0 0 0 5 l G O  TO 500 
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3 1  

500 

C 
3 2  
3 3  
3 4  

3 5  
36 

3 7  

38 
39 
40 
41 
42 
4 3  
44 
4 5  

46 

4 7  

4 8  

49 

50 

51 

5 2  
5 3  
54 
6 2  

63 

64 

6 5  

CONTINUE 
WON=WE* (l.+FAR* ( 1.-Y 1-Y 1 
D H C B = l ~ + . 5 + ~ Y B / ~ ( l o - Y ) * ~ l ~ + F A R ) ) + ( T C I / T G A ~ l ~ ~  
DHTN=DHC/(((l.-Y)*(l.+FAR)I*DHCBI 
RYB=YR 
RY=Y 
RDHT=DHTN 
RWO=WON 
RETURN 
I F ( Y o G T o T E S T Y ) Y = Y - T E S T C o / 2 .  
IF (Y0LToTESTY )Y=Y+TESTC( I T T 1 / 2 -  
YB=Y-YW 
GO TO 3 1  

FORMAT I 4 F 1 2  o 7 1 
FORMAT ( 1 H  9 l 2H INPUT DATB+* 1 
FORMAT ( 1 H  r 4 H P T D = , F 8 . 3 r 1 7 X ; 5 H F A R C = r F 8 o 3 ~ l 6 X ~ 3 H P F = t F 8 o 3 ~ l 8 X r 4 H ~ T Y =  

FORMAT ( 1 H  5HNPTD=* I 3 1  
FORMAT ( 1 H  r 4 H T P R ~ ~ F 8 o 3 ~ l 7 X , 4 H P R N = r F 8 . 3 r l l X 1 4 H V I S = r E 9 o 3 ~ l ? X ~ 4 H ~ U N ~  

FORMAT ( 1 H  r 4 H N T S = r I 3 r 2 2 X r 4 H T M S - t F 8 . 3 r 1 7 X r 4 H N T R = ~ I 3 , 2 2 X , 4 H T M R = , F 8 o  

FORMAT ( 1 H  , 7 H T H E R M E = r F 8 o 3 , 1 4 X , 4 H C P C r r F B . 3 r T 7 X ~ 7 H T W A L L A = , f 8 0 3 ~ / / / )  
FORMAT t l H  r44HASSUMED BLADE THERMAL COOLING EFFECTIVENESS=rF8.3) 
FORMAT f l H  r31HASSUMED WALL METAL TEMPERATURf=,F12-6) 
FORMAT ( lH l r40HCOOLAMT CALCULATION *******+**++++******~//) 

1 rF8.3) 

l r E 9 . 3 t  

13) 

FORMAT ( 1 3 )  
FORMAT 1 6 F 1 2 - 6 )  
FORMAT 11H r26HCOOLANT INLET TEMPERATURE=rF12.3) 
FORMAT I1H 134HASSUMED METAL TEMPERATURE FOR R O W ( r f 2 r 2 H ) = ~ F 1 2 . 3 r l O  

FORNAT ( 1 H  v 5 7 H I N I T I A L  TOTAL I N L E T  TEMPERATURE RELATIVE TO ROWS 1 9  

FORMAT ( L H  r 5 l H I N I T I A L  TOTAL BLADE SURFACE AREAS FOR ROWS l r 2 9 3 9 4 =  

FORMAT (1H 957HREVISED TOTAL I N L E T  TEMPERATURE RELATIVE TO ROWS 1 9  

FORMAT (1H r 5 6 H I N I T I A L  TOTAL E X I T  TEMPERATURE RELATIVE TU KOWS 1 9 2  

FORMAT ( l H ~ r 5 6 H R E V I S E D  TOTAL E X I T  TEMPERATURE RELATIVE TO ROWS 1 9 2  

FORMAT (1H r51HREVtSED TOTAL BLADE SURFACE AREAS FOR ROWS l r 2 ? 3 , 4 =  

lXv25HBLADE COOLANT FLOW K A T I O = r F l 2 . 6 )  

1 2 r 3 , 4 = r 4 F 1 2 * 3 )  

l r 4 F 1 2 . 3 )  

1 2 p 3 9 4= 9 4F 1 2 o 3 ) 

1 v 3 9 4 = r  4 F 1 2  o 3 1 

1 9 3 9 4=r 4F 1 2 -  3 1 

1 94F12.3 1 
FORMAT (€12 .  3 rF12 .3 )  
FORMAT ( 1 H  t32HWALL CCOLANT FLOW RATIO FOR ROWIr IZq2H)=qF12 .6 )  
FORMAT ( 1 H  ,///,20Xv20H*+*+*++*+++++9+t+++r(///) 
FORMAT ( 1 H  p50HTURBINE E X I T  TOTAL TEMPERATURE WITH BLADE COOLANT=* 

1F12.3) 
FORiYAT ( L H  *59HTURRINE E X I T  TOTAL TEMPERATURE WITH BLADE AND WALL 

lCOOLANT=rF22*3 )  
FORMAT(1H r58HAVERAGE BLADE HEIGHTS FOR ROWS 1 . 2 r 3 r 4  WITH BLADE CO 

‘ l O L A Y T = r 4 F 1 2 * 3 )  
FORMAT(1H +67HAVERAGE BLADE HEIGHTS FOR ROWS 19293.4 WITH BLADE AN 

1D WALL COOLANT=,4Fl2.3J 
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6 6  F O R V A T  1114 154HREVISEC V X i  AND V X E  FOR F I R S T  AND S E f C l N D  STAGE R i l l 0  
l R S =  p 4F 12 e 3 1 

6 7  FOKPAT ( 1 H  r 4 3 t i A V f R A G E  H.T .  COEFFICIENTS FOR RUWS l r 2 r 3 * 4 = r 4 E 1 2 . 3 )  
68  FORMAT ( 1 H  ,54HCRITICAL ABSOLUTE VELCICITIES A T  E X I T S  OF ROLiS 1 . 2 9 3  

1 * 4 = 9 4 F 1 2 . 3  1 
EN0 
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A 

AR 

BH 

cL 

cP 

cX 

D 

f/a 

h 

Ah 

k 

N 

P 

PF 

Pr 

P 

QA 

QR 
R 

RHRTIl 

RHRTI2 

3 

r 

T 

t 

U 

APPENDIX C 

SYMBOLS 

area 

area ratio, Aa, l/Aa, 

blade height 

blade camber length 

specific heat at constant pressure 

blade axial chord length 

diameter 

primary burner fuel-air ratio 

convective heat-transfer coefficient 

specific enthalpy change 

thermal conductivity 

turbine rotative speed 

blade pitch 

pattern factor, (T" 

Prandtl number 

- ?;)/(Ti - TL,2) g, max 

pressure 

available heat sink 

required heat sink 

gas constant 

FORTRAN symbol for first assumed hub-tip radius ratio 

FORTRAN symbol for second assumed hub-tip radius ratio 

turbine hub reaction 

radius 

temperature 

blade thickness 

blade speed 
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V 

VXEL 

VXIL 

VXEI 

VXII 

W 

W 

P 

Y 

rl 

r b  
P 

7 

CP 

* 
n 

absolute velocity 

FORTRAN symbol 

FORTRAN symbol 

FORTRAN symbol 

FORTRAN symbol 

relative vel0 city 

weight flow 

for limiting value on (Vx/v ) 

for limiting value on (Vx/Vcr) 

for .limiting value on (Vx/vcr) 

for  limiting value on (Vx/vcr) 

cr 2,rv 

1, IV 

2,  I1 

1,II 

angle of relative velocity from tangential 

specific heat ratio 

turbine ef f ici en cy 

blade thermal cooling effectiveness 

density 

stage work fraction 

blade camber angle 

aerodynamic (tangential) blade loading coefficient 

constant, n = 3.14159 

Subscripts : 

a annulus 

BM blade metal 

b blade( s) 

C compressor 

c r  

E engine 

g turbine main gas stream 

H value at hub radius 

i 

M 

max maximum value 

n nth iteration 

S surface 

52 

critical, corresponding to conditions at Mach 1 

indicates substitution at HUB(H), MEAN(M), o r  TIP(T) 

value at the mean radius 



T 

TOT 

t 

U 

W 

X 

Y 

Z 

1 

2 

0 
0 
I 

II 

111 

Iv 

value at tip radius 

total 

turbine 

component in direction of blade speed vector 

wall 

component in turbine axial direction 

cooling air 

Zweifel (from ref .  5) 

inlet 

exit 

first stage 

second stage 

first blade row 

second blade row 

third blade row 

fourth blade row 

Superscripts : 
- 

average value 

total state condition relative to rotating blading 

total state condition relative to stationary blading 

I? 

f 
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Units 

lbf, ft2 

f t  scc 

lbni f t  
degree 
i tic hcs 

2 in .  
Btu/(sec)(ft )( R 
lbm/sec 

R 

3 

2 0  

TABLE I .  - DEFINITION O F  UNITS USED IN 

COMPUTER OUTPUT 
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- 
Positive tangential direction 

(a) Velocity diagram symbols. 

Row 
I11 - 

% 

w 
Row 
I V  

Section A-A 

(b) Blade geometry symbols. 

Figure 1. Nomenclature. 
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- Data from ref. 5 for #z = 0.8 
- -Extrapolated data 

8o r 

60 

tn 

& s- 
al- - 
Is) 

%5 

5 
L al .a 
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Blade leaving angle, p2 deg 

Figure 2. -Var iat ion of turbine blade camber 
angle with blade entering and leaving angle. 

.a-  

- a IY 

Stator blading 
surveyed 

First stage 
0 Second stage 

Open symbols denote 
uncooled blades 

Solid symbols denote 
cooled blades 

Tailed symbols denote 
straight-backed blades 

0 Third stage 0 

I 1 I 

Figure 3. -Variation of stator 2erodynamic loading coefficient wi th 
leaving angle for several government and commercially developed 
turbines. 
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